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Fig. 1.1: Schematics of discretization of field in three nuumerical methods.
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Tab. 1.1: CPU and RAM specification of the machine used in this thesis.
CPU :
Intel Xeon E5-4610 Equipped 4 CPUs
(6 core /2.4 GHz/ 15 MB/ QPI7.2GT/95W) Total 24 cores, 48 threads
Memory :
16 GB 8 slot/ 1 CPU
(DDR3-1333 ECC Registered 2 Rank) Total 512 GB
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∂x
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∂Ay
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?? ∂D ???????? D?????????A??????????????????∫
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A · ndS (2.3)
????n??????????????????????????????????????????
?????????????????????????????????
????????A = φ∇ψ ?????Green?????????????????∫
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(gradφ · gradψ + φ∇2ψ)dV =
∮
∂D
φ
∂ψ
∂n
dS (2.4)
??? ∂∂n ??????????????????????????????? A = φ∇ψ − ψ∇φ?
????Green?????????????????∫
D
(φ∇2ψ − ψ∇2φ)dV =
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∂D
(
φ
∂ψ
∂n
− ψ∂φ
∂n
)
dS (2.5)
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?????????????
∇2p− 1
c2
∂2p
∂t2
= 0 (2.8)
?????? c? c =
√
κ
ρ ??????
??????????????????? Helmholtz??????????????
∇2p+ k2p = 0 (2.9)
2.2.2 ???????
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v = − 1
jωρ
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Admitance
Rigid
Vibrated Γ
Y
n
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Γr
Γv
Fig. 2.1: Analytical model for acoustic field.
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j
∂Nj
∂z
pj
⎞⎠ dV
= {δpe}T
∫
Ωe
[Ba]T [Ba]dV {pe}
= {δpe}T [Kae ]{pe} (2.22)
????????[Ba]?? [Kae ]???????????????????????????????
????????
[Ba] =
⎡⎣∂N1∂x ∂N2∂x . . . ∂NI∂x∂N1
∂y
∂N2
∂y . . .
∂NI
∂y
∂N1
∂z
∂N2
∂z . . .
∂NI
∂z
⎤⎦ (2.23)
18 ? 2? ?????????
[Kae ] =
∫
Ωe
[Ba]T [Ba]dV (2.24)
????Eq.(2.16)???????????
∫
Ωe
δppdV =
∫
Ωe
(
∑
i
Niδpi) · (
∑
j
Njpj)dV
= {δpe}T
∫
Ωe
{N}T {N}dV {pe}
= {δpe}T [Mae ]{pe} (2.25)
????????[Mae ]??????????????????????????
[Mae ] =
∫
Ωe
{N}T {N}dV (2.26)
???Eq.(2.16)??????????????????????
β0
∫
Γe
δppdS =
∫
Γe
(
∑
i
Niδpi) · (
∑
j
Njpj)dS
= {δpe}Tβ0
∫
Γe
{N}T {N}dS{pe}
= {δpe}T [Cae ]{pe} (2.27)
?????????[Cae ]?????????????????????????????
[Cae ] = β0
∫
Γe
{N}T {N}dS (2.28)
??????????????????????????????????????????????
????????????????????????? v(Γe)???????????????????
?????????
∫
Γe
δpvfdS =
∫
Γe
(
∑
i
Niδpi)dSv(Γe)
= {δpe}T
∫
Γe
{N}T v(Γe)dS
= {δpe}T {Qae}v(Γe) (2.29)
???????????? {Qae}?????????????
{Qae} =
∫
Γe
{N}T dS (2.30)
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????????????????????????? [Q]???????????????????
????????? 2.4?????????????????
????? Eq.(2.24),(2.26),(2.28),(2.30)????????????????????????? 2.5?
???????????
???????????
????????????? N???????????????????????????????
???????????????????Fig.2.2????????????????????????
???????????????????????????????∫
Ω
dV =
∑
n
∫
Ωn
dV (2.31)
?? Ω1,Ω2 ????Eq.(2.22)??????????????????
{δp1e}T [Ka1 ]{p1e} =
⎧⎪⎪⎨⎪⎪⎩
δp1
δp2
δp3
δp4
⎫⎪⎪⎬⎪⎪⎭
T ⎡⎢⎢⎣
k111 k
1
12 k
1
13 k
1
14
k121 k
1
22 k
1
23 k
1
24
k131 k
1
32 k
1
33 k
1
34
k141 k
1
42 k
1
43 k
1
44
⎤⎥⎥⎦
⎧⎪⎪⎨⎪⎪⎩
p1
p2
p3
p4
⎫⎪⎪⎬⎪⎪⎭ (2.32)
{δp2e}T [Ka2 ]{p2e} =
⎧⎪⎪⎨⎪⎪⎩
δp3
δp4
δp5
δp6
⎫⎪⎪⎬⎪⎪⎭
T ⎡⎢⎢⎣
k211 k
2
12 k
2
13 k
2
14
k221 k
2
22 k
2
23 k
2
24
k231 k
2
32 k
2
33 k
2
34
k241 k
2
42 k
2
43 k
2
44
⎤⎥⎥⎦
⎧⎪⎪⎨⎪⎪⎩
p3
p4
p5
p6
⎫⎪⎪⎬⎪⎪⎭ (2.33)
????????? {p}? {p} = {p1, p2, p3, p4, p5, p6}??????????? 2????????
???????
p1 p3 p5
p2 p4 p6
Ω1 Ω2
Γ1 Γ2
v(Γv)1 v(Γ
v)2
Fig. 2.2: A model case for the assembly step in FEM.
20 ? 2? ?????????
{δp}T [K′a1 ]{p} =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δp1
δp2
δp3
δp4
δp5
δp6
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
T ⎡⎢⎢⎢⎢⎢⎢⎣
k111 k
1
12 k
1
13 k
1
14 0 0
k121 k
1
22 k
1
23 k
1
24 0 0
k131 k
1
32 k
1
33 k
1
34 0 0
k141 k
1
42 k
1
43 k
1
44 0 0
0 0 0 0 0 0
0 0 0 0 0 0
⎤⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
p1
p2
p3
p4
p5
p6
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(2.34)
{δp}T [K′a2 ]{p} =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δp1
δp2
δp3
δp4
δp5
δp6
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
T ⎡⎢⎢⎢⎢⎢⎢⎣
0 0 0 0 0 0
0 0 0 0 0 0
0 0 k211 k
2
12 k
2
13 k
2
14
0 0 k221 k
2
22 k
2
23 k
2
24
0 0 k231 k
2
32 k
2
33 k
2
34
0 0 k241 k
2
42 k
2
43 k
2
44
⎤⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
p1
p2
p3
p4
p5
p6
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(2.35)
???????????????????????????????????????∫
Ω
∇δp ·∇pdV =
∫
Ω1
∇δp ·∇pdV +
∫
Ω2
∇δp ·∇pdV
= {δp1e}T [Ka1 ]{p1e}+ {δp2e}T [Ka2 ]{p2e}
= {δp}T [K′a1 ]{p}+ {δp}T [K′a2 ]{p}
= {δp}T ([K′a1 ] + [K′a2 ]){p}
=
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δp1
δp2
δp3
δp4
δp5
δp6
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
T ⎡⎢⎢⎢⎢⎢⎢⎣
k111 k
1
12 k
1
13 k
1
14 0 0
k121 k
1
22 k
1
23 k
1
24 0 0
k131 k
1
32 k
1
33 + k
2
11 k
1
34 + k
2
12 k
2
13 k
2
14
k141 k
1
42 k
1
43 + k
2
21 k
1
44 + k
2
22 k
2
23 k
2
24
0 0 k231 k
2
32 k
2
33 k
2
34
0 0 k241 k
2
42 k
2
43 k
2
44
⎤⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
p1
p2
p3
p4
p5
p6
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
= {δp}T [Ka]{p} (2.36)
???????????????? [Ka1 ], [K
a
2 ]????????????? [K
a]?????????
????????????????????????????????????????????
????? Γv1,Γ
v
2 ????Eq.(2.29)??????????????????
{δp1e}T {Qa1}v(Γv1) =
{
δp2
δp4
}T {
q11
q12
}
v(Γv1) (2.37)
{δp2e}T {Qa1}v(Γv2) =
{
δp4
δp6
}T {
q21
q22
}
v(Γv2) (2.38)
????????? {p}??????????? 2???????????????
{δp}T {Q′a1 }v(Γv1) =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δp1
δp2
δp3
δp4
δp5
δp6
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
T ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
0
q11
0
q12
0
0
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
v(Γv1) (2.39)
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{δp}T {Q′a1 }v(Γv2) =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δp1
δp2
δp3
δp4
δp5
δp6
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
T ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
0
0
0
q21
0
q22
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
v(Γv2) (2.40)
??????????????????????????????????????????∫
Γv
δpvfdS =
∫
Γv1
δpvfdS +
∫
Γv2
δpvfdS
= {δp1e}T {Qa1}v(Γv1) + {δp2e}T {Qa2}v(Γv2)
= {δp}T ({Qa1}v(Γv1) + {Qa2}v(Γv2))
= {δp}T [{Qa1}, {Qa2}]{v(Γv1), v(Γv2)}T
=
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δp1
δp2
δp3
δp4
δp5
δp6
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
T ⎡⎢⎢⎢⎢⎢⎢⎣
0 0
q11 0
0 0
q12 q
2
1
0 0
0 q22
⎤⎥⎥⎥⎥⎥⎥⎦
{
v(Γv1)
v(Γv2)
}
= {δp}T [Qa]{vf} (2.41)
??????????????? {vf}? {vf} = {v(Γv1), v(Γv2)}T ??????
?????????????????????????????????????????????
Eq.(2.16)????????????????????????
{δp}T (([Ka]− k2[Ma] + jk[Ca]) {p}− jωρ[Qa]{vf}) = 0 (2.42)
??? {δp}????????????
(
[Ka]− k2[Ma] + jk[Ca]) {p} = jωρ[Qa]{vf} (2.43)
???????
???? ′ ??????
????????????????????? [·′]?????????????? [·′]???????
????????????????????????????????????????? [·]????
?????????????????????????? 0????????????????????
?????? (Eq.(2.34)?? (2.35))?{·′}????????????????????????????
?? 0??????????????? (Eq.(2.39)?? (2.40))??????????????????
???????????????????????????????????????????????
?????????
22 ? 2? ?????????
??????????????????????????????????????????????
???
[Ka] =
∑
e∈Ω
[K′ae ] (2.44)
2.2.4 ?????????????
??????????
Helmholtz??? Eq.(2.9)????? G?????????????????∫
Ω
(G(rp, rq)∇2p(rq) + k2G(rp, rq)p(rq))dVq = 0 (2.45)
??????????? p????? q???????????????????
∇2G(rp, rq) + k2G(rp, rq) = −δ(|rp − rq|) (2.46)
δ ? Dirac??????????3????????????????????
G(rp, rq) =
exp(−jk|rp − rq|)
4π|rp − rq| (2.47)
Eq.(2.45)???? Green????????????????????????∫
Ω
p(rq)(∇2G(rp, rq) + k2G(rp, rq))dVq
+
∫
Γ
(
G(rp, rq)
∂p(rq)
∂n
− p(rq)∂G(rp, rq)
∂n
)
dSq = 0 (2.48)
???????? Eq.(2.46)????????????????????
p(rp) +
∫
Γ
(
p(rq)
∂G(rp, rq)
∂nq
− ∂p(rq)
∂nq
G(rp, rq)
)
dSq = 0 (2.49)
????Eq.(2.46)???????????????????????????????? G????
?????????????
∂G(rp, rq)
∂nq
= −1 + jk|rp − rq|
4π|rp − rq|2
(rp − rq) · nq
|rp − rq| exp(−jk|rp − rq|) (2.50)
?????????????? ???? p???????????????????????? θ(r)
??????????????????????? ε??????? Γ1 ??????????????
Γ1 ???????????????????????????????? Γ1 ??????? p????
??????? ∂p∂n ???? p?????????????????????????????????
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???????????????????????????????????????????????
?????????????? dS = ε2dω ?????∫
Γ1
(
p(rq)
∂G(rp, rq)
∂n
−G(rp, rq)∂p(rq)
∂n
)
dSq
=
∫
Γ1
(
p(rp)
∂G(ε)
∂r
−G(ε)∂p(rp)
∂r
)
dSq
=
∫
Γ1
(
−p(rp)1 + jkε
4πε2
exp(−jkε)− exp(−jkε)
4πε
∂p(rp)
∂r
)
ε2dω
=
1
4π
(
−p(rp)(1 + jkε) exp(−jkε)− ε exp(−jkε)∂p(rp)
∂r
)∫
Γ1
dω
=
4π − θ(r)
4π
(
−p(rp)(1 + jkε) exp(−jkε)− ε exp(−jkε)∂p(rp)
∂r
)
(2.51)
??? ε→ 0???????????????????∫
Γ1
(
p(rq)
∂G(rp, rq)
∂n
−G(rp, rq)∂p(rq)
∂n
)
dSq = −4π − θ(r)
4π
p(rp) (2.52)
?????Eq.(2.49)????????????????????????????????????
???
e(rp)p(rp) +
∫
Γ
(
p(rq)
∂G(rp, rq)
∂nq
− ∂p(rq)
∂nq
G(rp, rq)
)
dSq = pD(rp, rs) (2.53)
e(r)???????????????????????????
e(r) =
θ(r)
4π
(2.54)
???????????????? ??? p????????? Γ∞ ??????????????
?????????????????????????????? R? R = |rp − rq| ≈ |rq|?????
Γ1 p
ε
n
Fig. 2.3: Avoidance of the singularity around ob-
servation point.
Scatterer
p
q
n
Fig. 2.4: Schematic of the sommerfeld condition.
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???????????????????????????????????????????????
????????????????????????????????????????? dS = R2dω
??????????
∫
Γ∞
(
p(rq)
∂G(rp, rq)
∂n
−G(rp, rq)∂p(rq)
∂n
)
dSq
=
∫
Γ∞
(
p(rq)
∂G(R)
∂r
−G(R)∂p(rq)
∂r
)
dSq
=
∫
Γ∞
(
−p(rq)1 + jkR
4πR2
exp(−jkR)− exp(−jkR)
4πR
∂p(rq)
∂r
)
R2dω
=
1
4π
∫
Γ∞
(
−p(rq)(1 + jkR) exp(−jkR)−R exp(−jkR)∂p(rq)
∂r
)
dω
= − 1
4π
∫
Γ∞
{
p(rq) +R
(
∂p(rq)
∂r
+ jkp(rp)
)}
exp(−jkR)dω (2.55)
????Sommerfeld???????????????? [27]??????????
lim
R→∞
p(R) = 0 (2.56)
lim
R→∞
R
(
∂p(R)
∂n
+ jkp(R)
)
= 0 (2.57)
?????R → ∞ ?????? Eq.(2.55) ???????? 0 ?????????????????
?????????? ∫
Γ∞
(
p(rq)
∂G(rp, rq)
∂n
−G(rp, rq)∂p(rq)
∂n
)
dSq = 0 (2.58)
??????????????????????????????????????????????
??????????????????????????????????????????????
?????????????????
?????????
Eq.(2.12)???????????????Eq.(2.53)??????????????????
e(rp)p(rp) +
∫
Γ
p(rq)
∂G(rp, rq)
∂nq
dSq + jk
∫
ΓY
β0(rq)p(rq)G(rp, rq)dSq
= jωρ
∫
Γv
vf(rq)G(rp, rq)dSq + pD(rp, rs) (2.59)
Eq.(2.59)?????????????????????????????????????????
??????????????Eq.(2.59)????????????????????? N??????
????????????????????
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∫
Γ
dS =
N∑
n=1
∫
Γn
dSn (2.60)
???????????????????????????? (rn = r1, . . . , rN )?????????
???????????????????????????Eq.(2.59)?????????????
e(rp)p(rp) +
∑
n∈Γ
p(rn)
∫
Γn
∂G(rp, rq)
∂nq
dSq +
∑
n∈ΓY
jkβ0(rn)p(rn)
∫
ΓYn
G(rp, rq)dSq
=
∑
n∈Γv
jωρvf(rn)
∫
Γvn
G(rp, rq)dSq + pD(rp, rs) (2.61)
?????????????????????????????????????????????
?????? rp ???????????????????????????????? rp = rm(m =
1, . . . , N)????? N???????????
1
2
p(r1) +
∑
n∈Γ
p(rn)H1n +
∑
n∈ΓY
jkp(rn)G
Y
1n =
∑
n∈Γv
jωρvf(rn)G
v
1n + pD(r1, rs)
...
1
2
p(rm) +
∑
n∈Γ
p(rn)Hmn +
∑
n∈ΓY
jkp(rn)G
Y
mn =
∑
n∈Γv
jωρvf(rn)G
v
mn + pD(rm, rs)
...
1
2
p(rN ) +
∑
n∈Γ
p(rn)HNn +
∑
n∈ΓY
jkp(rn)G
Y
Nn =
∑
n∈Γv
jωρvf(rn)G
v
Nn + pD(rN , rs) (2.62)
e(rm) ? rm ????????????????1/2 ???????????????????
Hmn, GYmn, G
v
mn ?????????????
Hmn =
∫
Γn
∂G(rm, rq)
∂nq
dSq (2.63)
GYmn =
⎧⎨⎩β0(rn)
∫
ΓYn
G(rm, rq)dSq (n ∈ ΓY)
0 (n /∈ ΓY)
(2.64)
Gvmn =
⎧⎨⎩
∫
Γvn
G(rm, rq)dSq (n ∈ Γv)
0 (n /∈ Γv)
(2.65)
?????Eq.(2.62)????????????????????????
(
1
2
[I] + [H] + jk[GY]) · {p} = jωρ[Gv]{vf}+ {pD} (2.66)
26 ? 2? ?????????
[I] ??????[H], [GY], [Gv] ? m ? n ??????????Eq.(2.63), (2.64), (2.65) ??????
????Eq.(2.63), (2.64), (2.65)????????????????????????????????
?????????????????????????? m? m?????????????????
???? n? n??????????????????????
???????????????????????Eq.(2.66)??????????????????
???????????????????????????????????? Eq.(2.61)??????
?????????????????????
??????????????????????????????????????????????
???????????????????????????????????
?????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????????
???????????Eq.(2.46)??????????????
Ginf(rp, rq) = G(rp, rq) +G(rp′ , rq) (2.67)
????G???????????? Eq.(2.47)????p′ ???? p??????????????
?????????????????????????????????????????
p(rp) +
∫
Γ
(
p(rq)
∂Ginf(rp, rq)
∂nq
− ∂p(rq)
∂nq
Ginf(rp, rq)
)
dSq = 0 (2.68)
??????rp − rq, rp′ − rq ????????????????|rp − rq| = |rp′ − rq|??????
??q ∈ Γ???? ∂Ginf/∂nq = 0??????????????????????????? p???
??? p′ ?????Ginf(rp, rq) = 2G(rp, rq)????????????Eq.(2.68)?????????
????
p(rp)− 2
∫
Γ
(
∂p(rq)
∂nq
G(rp, rq)
)
dSq = 0 (2.69)
2.2.4????? 4π ?????????????????????????????????????
???????????????????????????????????????????????
????
?? Γ???????????????????????????????????????????
???
p(rp)− 2jωρ
∫
Γ
vf(rq)G(rp, rq)dSq = pD(rp, rs) (2.70)
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???????????????? 2.2.4????????? N?????????????????
?????????????????????????????????????????? Eq.(2.70)
???????????
p(rp)− 2jωρ
∑
n∈Γ
vf(rn)
∫
Γn
G(rp, rq)dSq = pD(rp, rs) (2.71)
?????????????????? (rp = rm(m = 1, . . . N))?N???????????
p(r1)− 2jωρ
∑
n∈Γ
vf(rn)
∫
Γn
G(r1, rq)dSq = pD(r1, rs)
...
p(rm)− 2jωρ
∑
n∈Γ
vf(rn)
∫
Γn
G(rm, rq)dSq = pD(rm, rs)
...
p(rN )− 2jωρ
∑
n∈Γ
vf(rn)
∫
Γn
G(rN , rq)dSq = pD(rN , rs) (2.72)
???? Eq.(2.72)?????????????????????????
[I]{p}− 2jωρ[GIF]{vf} = {pD} (2.73)
[I]??????[GIF]? m? n??????????
GIFmn =
∫
ΓIFn
G(rm, rq)dSq (2.74)
??????????????????? Eq.(2.70)???? δp(rp)??????? Γp ??????
????????????∫
Γp
δp(rp)p(rp)dSp − 2jωρ
∫
Γp
δp(rp)
∫
Γq
vf(rq)G(rp, rq)dSqdSp
=
∫
Γp
δp(rp)pD(rp, rs)dSp (2.75)
??? N??????????????????????????? e????? p, δp, vf ????
?????????????????????????????
p = {N}{pe}
δp = {N}{δpe} (2.76)
vf = {N}{vfe}
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Eq.(2.75)????????????????∫
Γp
δp(rp)p(rp)dSp =
∑
n
∫
Γp,n
δp(rp)p(rp)dSp
=
∑
n
{δpn}
∫
Γp,n
{Nn}T {Nn}dSp{pn}
=
∑
n
{δpn}[QGn ]{pn}
= {δp}[QG]{p} (2.77)
Eq.(2.75)????????????????????????
∫
Γp
δp(rp)
∫
Γq
vf(rq)G(rp, rq)dSqdSp
=
∑
m
∑
n
∫
Γp,m
∫
Γq,n
G(rp,m, rq,n)δp(rp,m)v
f(rq,n)dSq,ndSp,m
=
∑
m
∑
n
{δpm}
∫
Γp,m
∫
Γq,n
G(rp,m, rq,n){Nm}T {Nn}dSq,ndSp,m{vfn}
=
∑
m
∑
n
{δpm}[GGmn]{vfn}
= {δp}[GG]{vf} (2.78)
????[GGmn] ? m ̸= n ???????????????[GGnm] = [GGmn]T ??????????
?????? [GGnm]
T ? [GGmn]????????????????????[G
G
mn]?????????
?? [GG]???????????????????????????? [GGnm] = [G
G
mn]
T ??????
n ≥ m??????????????????
Eq.(2.75)?????????????∫
Γp
δp(rp)pD(rp, rs)dSp =
∑
n
∫
Γp,n
δp(rp,n)pD(rp,n, rs)dSp,n
=
∑
n
{δpn}
∫
Γp,n
{Nn}pD(rp,n, rs)dSp,n
= {δp}{DG} (2.79)
??????? Eq.(2.75)???????????
{δp} ([QG]{p}− 2jωρ[GG]{vf}− {DG}) = 0 (2.80)
?? {δp}???????????????
[QG]{p}− 2jωρ[GG]{vf} = {DG} (2.81)
???????
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2.2.5 ??????????????
?????????? (FEM)??????? (BEM)??????????????????????
???????????????????????????????????????????????
??????????????????????????
?????????????
BEM??????????????????????? FEM? BEM??????????????
???????????????????????????????????????????????
???????
• FEM??????????????????
• BEM???????????????????????????
• FEM?BEM????????????????????????????
??????????????????????????⎧⎪⎨⎪⎩
∫
ΓIFe
pBedS =
∫
ΓIFe
pFedS (p ∈ ΓIF) (2.82)
vfBe = −vfFe (vf ∈ ΓIF) (2.83)
Eq.(2.82)???????????Eq.(2.83)??????????????????
??????????? e????Eq.(2.82)?????Eq.(2.82)????????????????
???????????????? ∫
ΓIFe
pBedS =
∫
ΓIFe
dS pBe
= ∆ΓIFe pBe (2.84)
????∆ΓIFe ???????????????Eq.(2.82)????????????????????
??????????? ∫
ΓIFe
pFedS =
∫
ΓIFe
{N}dS{pFe}
= {Qae}T {pFe} (2.85)
????{Qae}? Eq.(2.30)???????????????Eq.(2.82)??????????????
?????
pBe =
1
∆ΓIFe
{Qae}T {pFe}
= {Fae}{pFe} (2.86)
30 ? 2? ?????????
????{Fae}????????????
{Fae} =
1
∆ΓIFe
{Qae}T (2.87)
??? ΓIF ??? N ???????? Eq.(2.82) ??????N ???????????????
???
pB1 = {Fa1}{pF1}
...
pBm = {Fam}{pFm} (2.88)
...
pBN = {FaN}{pFN}
????????????????? {pB}????????????????? {pF}??????
????????????
{ 0, . . .︸ ︷︷ ︸
pB /∈ΓIF1
, 1︸︷︷︸
pB∈ΓIF1
, . . . , 0, . . . , 0, . . .︸ ︷︷ ︸
pB /∈ΓIF1
}{pB} = {F′a1 }{pF}
...
{0, . . . , 0, . . .︸ ︷︷ ︸
pB /∈ΓIFm
, 1︸︷︷︸
pB∈ΓIFm
, . . . , 0, . . .︸ ︷︷ ︸
pB /∈ΓIFm
}{pB} = {F′am}{pF} (2.89)
...
{0, . . . , 0, . . . , 0, . . .︸ ︷︷ ︸
pB /∈ΓIFN
, 1︸︷︷︸
pB∈ΓIFN
, . . .︸︷︷︸
pB /∈ΓIFN
}{pB} = {F′aN}{pF}
{F′ae }? 2.2.3?????????{F′ae }{pF} = {Fae}{pFe}???????0??????????
?????????????????????????????????
[T]{pB} = [Fa]{pF} (2.90)
[T]????????????????????? Eq.(2.89)??????????????????
?????????? 1?????? 0????
????????????????????????-??????????????????????
???????? Eq.(2.43)??????????
[AF]{pF}− jωρ[QaC]{vfFC} = jωρ[QaF]{vfF} (2.91)
????[AF] = [Ka] − k2[Ma] + jk[Ca], {pF}???????????{vfFC}?????????
????????{vfF}?????????????????????????
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??????????????????? ???????????? Eq.(2.66)??????????
[AB]{pB}− jωρ[GvC]{vfBC} = jωρ[GvB]{vfB}+ {pD} (2.92)
????[AB] = 12 [I] + [H] + jk[G
Y], {pB}????????????{vfBC}??????????
???????{vfB}??????????????????????{pD}???????????
Eq.(2.91), (2.92), (2.90), (2.83)???????????????????-?????????????
?????????????⎡⎣[AF] [0] −jωρ[QaC][Fa] −[T] [0]
[0] [AB] jωρ[GvC]
⎤⎦⎧⎨⎩ {pF}{pB}{vfFC}
⎫⎬⎭ =
⎧⎨⎩ jωρ[Q
a
F]{vfF}
{0}
jωρ[GvB]{vfB}+ {pD}
⎫⎬⎭ (2.93)
????????????????????????? ??????????????? Eq.(2.73)?
?????????
[I]{pB}− 2jωρ[GvC]{vfBC} = {pD} (2.94)
????{pB}????????????{vfBC}?????????????????{pD}????
???????
??????????????????Eq.(2.90)???????????????????????
??????Eq.(2.90)??????????????
[I]{pB} = [Fa]{pF} (2.95)
Eq.(2.91), (2.94), (2.95), (2.83)???????????????????-?????????????
?????????????[
[AF] −jωρ[QaC]
[Fa] 2jωρ[GvC]
]{ {pF}
{vfFC}
}
=
{
jωρ[QaF]{vfF}
{pD}
}
(2.96)
??????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????BEM? FEM??????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????
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ΩF
ΩB
ΓIF
ΩB
ΩF
ΓIF
(a) Conventional BEM (b) Semi-infinite space BEM
Fig. 2.5: Coupling models of BEM and FEM.
?????????????????????????? ????????????????????
Eq.(2.81)??????????
[QG]{pGB}− 2jωρ[GGvC ]{vfBC} = {pGD} (2.97)
????{pBG}?????????????????{vfBC}??????????????????
???{pGD}???????????
?????????????? Eq.(2.43)??????????????[
[AFFF] [A
F
FC]
[AFCF] [A
F
CC]
]{{pFF}
{pFC}
}
− jωρ
[
[0]
[QFC]
]
{vFC} = jωρ
[
[QFC]
[0]
]
{vFF} (2.98)
????{pFF}, {pFC}?????????????????????????????{vFF}?{vFC}?
?????????????????????????????????
???????????????? {pGB} = {pFC}, {vfBC} = −{vFC}??????????????-
????????????????????⎡⎣[AFFF] [AFFC] [0][AFCF] [AFCC] −jωρ[QFC]
[0] [QG] 2jωρ[GGvC ]
⎤⎦⎧⎨⎩{p
F
F}
{pFC}
{vFC}
⎫⎬⎭ =
⎧⎨⎩jωρ[Q
F
C]{vFF}
{0}
{pGD}
⎫⎬⎭ (2.99)
??????????????????????????????????????????????
????[QG] = [QFC]????????????? −jωρ?????????????????????⎡⎣[AFFF] [AFFC] [0][AFCF] [AFCC] −jωρ[QG]
[0] −jωρ[QG] 2ω2ρ2[GGvC ]
⎤⎦⎧⎨⎩{p
F
F}
{pFC}
{vFC}
⎫⎬⎭ =
⎧⎨⎩jωρ[Q
F
C]{vFF}
{0}
−jωρ{pGD}
⎫⎬⎭ (2.100)
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2.3 ?????????????
2.3.1 ????????????
??????????????????????????????????????????????
????????????????????
∂σxx
∂x
+
∂σyx
∂y
+
∂σzx
∂z
− ρs ∂
2ux
∂t2
= 0
∂σxy
∂x
+
∂σyy
∂y
+
∂σzy
∂z
− ρs ∂
2uy
∂t2
= 0 (2.101)
∂σxz
∂x
+
∂σyz
∂y
+
∂σzz
∂z
− ρs ∂
2uz
∂t2
= 0
????ux, uy, uz ???????????????σ·· ?????????????????????
???????????????????????????????????ρE ??????????
????????? 2 ?????? σE ????????? 3 ??????????????????
???
divσE − ρE ∂
2u
∂t2
= 0 (2.102)
????
divσE =
⎡⎣σxx σxy σxzσyx σyy σyz
σzx σzy σzz
⎤⎦T { ∂
∂x
∂
∂y
∂
∂z
}T
=
{
∂σxx
∂x
+
∂σyx
∂y
+
∂σzx
∂z
∂σxy
∂x
+
∂σyy
∂y
+
∂σzy
∂z
∂σxz
∂x
+
∂σyz
∂y
+
∂σzz
∂z
}T
(2.103)
?????-??????????????
σE = λEdivu1 + 2µEε
E (2.104)
Forced boundary
n
Ω
Γv
Displacement difine
or free
Γ
f
Fig. 2.6: Analytical model for elastic body field.
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????λE, µE ????? lame???????????????? E ??????? ν ?????
?????????
λE =
νE
(1 + ν)(1− 2ν) , µE =
E
2(1 + ν)
(2.105)
1????????εE ???????????????????????
εEij =
1
2
(
∂ui
∂j
+
∂uj
∂i
)
(i, j = x, y, z) (2.106)
??????????????????????????????????????????????
divσE + ρEω
2u = 0 (2.107)
2.3.2 ?????????????????
???????????
Eq.(2.107)???????? δu???????? Ω?????????????????∫
Ω
(δu · divσE + ρEω2δu · u)dV = 0 (2.108)
????????????????????????(i, j = x, y, z)∫
Ω
δu · divσEdV =
∫
Ω
∑
i
∑
j
δuj
∂σEij
∂i
dV
=
∫
Ω
∑
i
∑
j
{
∂
∂i
(δuj · σEij)−
∂δuj
∂i
σEij
}
dV (2.109)
=
∫
Ω
∑
i
∑
j
{
∂
∂i
(δuj · σEij)−
1
2
(
∂δuj
∂i
+
∂δui
∂j
)
σEij
}
dV (2.110)
=
∫
Ω
(
∇ · (δu · σE)− δεE : σE
)
dV (2.111)
=
∫
Γ
δu · σE · ndS −
∫
Ω
δεE : σEdV (2.112)
Eq. (2.109)?? Eq. (2.110)???????????????????????????Eq. (2.111)?
? Eq. (2.112)????? Eq. (2.111)????????????????????Eq. (2.112)????:
????????????????
????????Eq.(2.108)???????????????∫
Ω
δεE : σEdV − ρEω2
∫
Ω
δu · udV −
∫
Γ
δu · σE · ndS = 0 (2.113)
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?????????
?????Eq.(2.113)????????????????????????????????????
????? N ????????????????? Eq.(2.113) ?????????????????
??????????????????????????? u = {ux, uy, uz}T ??????????
ui = {uix, uiy, uiz}T ????? Ni ????????????
u =
∑
i
Niu
i (2.114)
??? [N]????????, {ue}??????????????????????
[N] =
⎡⎣N1 0 0 . . . NI 0 00 N1 0 . . . 0 NI 0
0 0 N1 . . . 0 0 NI
⎤⎦ (2.115)
{ue} = {u1x, u1y, u1z, . . . , uIx, uIy, uIz}T (2.116)
?????????Eq.(2.114)???????????????????????????????
u = [N]{ue} (2.117)
???????????????? δu????????????
δu = [N]{δue} (2.118)
?????????Eq.(2.113) ???????????????????????????????
??????????????????
???????????
????????? e???? Eq.(2.113)???????????????????????????
????????????????????????????????9????????????? 6
?????Eq.(2.113)???????????????????????????????
δε : σ = δεxxσxx + δεyyσyy + δεzzσzz + δεxyσxy + δεyzσyz + δεzxσzx
+ δεyxσyx + δεzyσzy + δεxzσxz
= δεxxσxx + δεyyσyy + δεzzσzz + 2δεxyσxy + 2δεyzσyz + 2δεzxσzx
= {δε}T · {σ} (2.119)
???????????????????????????????????????
{σ} = {σxx σyy σzz σxy σyz σzx}T (2.120)
{δε} = {δεxx δεyy δεzz 2δεxy 2δεyz 2δεzx}T (2.121)
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Eq.(2.121)? Eq.(2.106)????????????
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δεxx
δεyy
δεzz
2δεxy
2δεyz
2δεzx
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
=
⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
∂δux
∂x
∂δuy
∂y
∂δuz
∂z
∂δux
∂y +
∂δuy
∂x
∂δuy
∂z +
∂δuz
∂y
∂δuz
∂x +
∂δux
∂z
⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
=
⎡⎢⎢⎢⎢⎢⎢⎢⎣
∂
∂x 0 0
0 ∂∂y 0
0 0 ∂∂z
∂
∂y
∂
∂x 0
0 ∂∂z
∂
∂y
∂
∂z 0
∂
∂x
⎤⎥⎥⎥⎥⎥⎥⎥⎦
⎧⎨⎩δuxδuy
δuz
⎫⎬⎭ (2.122)
??????? e??????? Eq.(2.117)????????????⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δεxx
δεyy
δεzz
2δεxy
2δεyz
2δεzx
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
=
⎡⎢⎢⎢⎢⎢⎢⎢⎣
∂
∂x 0 0
0 ∂∂y 0
0 0 ∂∂z
∂
∂y
∂
∂x 0
0 ∂∂z
∂
∂y
∂
∂z 0
∂
∂x
⎤⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎣N1 0 0 . . . NI 0 00 N1 0 . . . 0 NI 0
0 0 N1 . . . 0 0 NI
⎤⎦ {δue} (2.123)
=
⎡⎢⎢⎢⎢⎢⎢⎢⎣
∂N1
∂x 0 0 · · · ∂NI∂x 0 0
0 ∂N1∂y 0 · · · 0 ∂NI∂y 0
0 0 ∂N1∂z · · · 0 0 ∂NI∂z
∂N1
∂y
∂N1
∂x 0 · · · ∂NI∂y ∂NI∂x 0
0 ∂N1∂z
∂N1
∂y · · · 0 ∂NI∂z ∂NI∂y
∂N1
∂z 0
∂N1
∂x · · · ∂NI∂z 0 ∂NI∂x
⎤⎥⎥⎥⎥⎥⎥⎥⎦ {δue} (2.124)
= [B]{δue} (2.125)
?????????????[B]????????????
[B] =
⎡⎢⎢⎢⎢⎢⎢⎢⎣
∂N1
∂x 0 0 · · · ∂NI∂x 0 0
0 ∂N1∂y 0 · · · 0 ∂NI∂y 0
0 0 ∂N1∂z · · · 0 0 ∂NI∂z
∂N1
∂y
∂N1
∂x 0 · · · ∂NI∂y ∂NI∂x 0
0 ∂N1∂z
∂N1
∂y · · · 0 ∂NI∂z ∂NI∂y
∂N1
∂z 0
∂N1
∂x · · · ∂NI∂z 0 ∂NI∂x
⎤⎥⎥⎥⎥⎥⎥⎥⎦ (2.126)
???Eq.(2.104)????????????????????????⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
σxx
σyy
σzz
σxy
σyz
σzx
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
=
⎡⎢⎢⎢⎢⎢⎢⎣
λE + 2µE λE λE 0 0 0
λE λE + 2µE λE 0 0 0
λE λE λE + 2µE 0 0 0
0 0 0 µE 0 0
0 0 0 0 µE 0
0 0 0 0 0 µE
⎤⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
εxx
εyy
εzz
2εxy
2εyz
2εzx
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(2.127)
??????? e???????????????
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⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
σxx
σyy
σzz
σxy
σyz
σzx
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
= [D][B]{ue} (2.128)
????[D]????????????????????????
[D] =
⎡⎢⎢⎢⎢⎢⎢⎣
λE + 2µE λE λE 0 0 0
λE λE + 2µE λE 0 0 0
λE λE λE + 2µE 0 0 0
0 0 0 µE 0 0
0 0 0 0 µE 0
0 0 0 0 0 µE
⎤⎥⎥⎥⎥⎥⎥⎦ (2.129)
????????Eq.(2.113)?????
∫
Ωe
δεE : σEdV =
∫
Ω
{δε}T · {σ}dV
= {δue}T
∫
Ωe
[B]T [D][B]dV {ue}
= {δue}T [KEe ]{ue} (2.130)
????????[KEe ]??????????????????????????
[KEe ] =
∫
Ωe
[B]T [D][B]dV (2.131)
????Eq.(2.113)???????????????? Eq.(2.117)????????????
ρE
∫
Ωe
δu · udV = ρE
∫
Ωe
{δue}T [N]T [N]{ue}dV
= {δue}T [MEe ]{ue} (2.132)
?????????????????????? [MEe ]????????????
[MEe ] = ρE
∫
Ωe
[N]T [N]dV (2.133)
????Eq.(2.113)?????????????????????????????????????
????? fe = {fx, fy, fz} ???????????????????????? σ · n = fe ????
???????????????????????Eq.(2.113)?????
∫
Γve
δu · σE · ndS =
∫
Γve
{δue}T [N]T {fe}dS
= {δue}T [QEe ]{fe} (2.134)
38 ? 2? ?????????
???????????????????? [QEe ]????????????
[QEe ] =
∫
Γve
[N]T dS (2.135)
?????????????????????? Eq.(2.113)???? 2.4?????????????
????
???????????
???????????????????????????????????????????????
[KE] =
∑
e∈Ω
[K′Ee ]
[ME] =
∑
e∈Ω
[M′Ee ]
?????????????????????????????????????
∑
e∈Γv
∫
Γe
[N]T {fe}dS =
[
[Q′E1 ] [Q′E2 ] . . . [Q′Ee ] . . .
]
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
{fE1 }
{fE2 }
...
{fEe }
...
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
= [QE]{fE} (2.136)
????{fE}????????? ×3????????????????????????[QE]??
???????????????????????
??????????? {δu}?????????? {u}??????Eq.(2.113)?????????
???????????????
{δu}T (([KE]− ω2[ME]){u}− [QE]{fE}) = {0} (2.137)
??????????????????
([KE]− ω2[ME]){u} = [QE]{fE} (2.138)
???????
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2.4 ???????????
2.4.1 ??????????
??????????? Kirchhoff??????????????????? z = 0? xy ?????
???????Mindlin???? Kirchhoff??????????????????
1. ????????????????????????
2. ?????? (x, y, z)? z ?????? z ???????
3. ??????? z ?????????
4. z ????????????????
??? Kirchhoff??????????????????
5. ?????????????????????????
?????????????????????? 1?2?3 ???????????????????
???
uα(x, y, z) = Ψα(x, y)z (α = x, y) (2.139)
uz(x, y, z) = w(x, y) (2.140)
????Ψα ? αz ?????????????w ????????????? (Fig.2.7)?
?????? 5???????????????????????????
Ψα(x, y) = −∂w
∂α
(α = x, y) (2.141)
α (α=x,y) 
z
w
∂w 
∂α 
∂w 
∂α 
Ψ
α
 
∂w 
∂α γα? Ψα = +
Fig. 2.7: Plate kinematics and definition of rotations.
40 ? 2? ?????????
????Fig.2.7?????????? γα ? 0?????????????? εpij ? Eq. (2.106)? Eq.
(2.139)?Eq. (2.140)???????????????????
εpαβ = −z
∂2w
∂α∂β
, εpαz = ε
p
zα = 0, ε
p
zz =
∂w
∂z
(α,β = x, y) (2.142)
?????? 2??????? εpzz ? 0?????x,y?????????????????Eq.(2.104)
??????? 4??????????????????????? 4???? εpzz ??????? Eq.
(2.104)? σszz ???????εszz ??????????????????
εpzz = −
λ
2µ+ λ
(
εpxx + ε
p
yy
)
(2.143)
?????? Eq. (2.104)?????????(i, j = x, y, z)??????????????? σpij ??
???????
σpij = 2µε
p
ij +
2µλ
2µ+ λ
(
εpxx + ε
p
yy
)
δij (i, j) ̸= (z, z) (2.144)
??? Kirchhoff???????????-?????????
????????????????????????Fig2.8???????????????????
?Mαβ ??? σ
p
αβ ?????????????????? (α,β = x, y)?
Mαβ =
∫ h
2
−h2
σpαβzdz (2.145)
????z???????????????????????h?????????????? z = −h/2?
???? z = h/2???????Eq.(2.142)?Eq.(2.144)?Eq.(2.145)????????????????
??? w ????????????
Mαβ = µ
h3
12
{
−2 ∂
2w
∂α∂β
+
2λ
2µ+ λ
(
∂2w
∂x2
+
∂2w
∂y2
)
δα,β
}
(2.146)
?
?
Fig. 2.8: Stresses on infinitesimal element.
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??????????????????????????????????????????????
??????? x?y ???????????????????????????
−Qx = ∂Mxx
∂x
+
∂Mxy
∂y
− zfx (2.147)
−Qy = ∂Myx
∂x
+
∂Myy
∂y
− zfy (2.148)
?? 2?????????? fx, fy ?????????????????????????? +???
??????????z ????????????????????????????????????
??????
∂Qx
∂x
+
∂Qy
∂y
− hρp ∂
2w
∂t2
+ fz = 0 (2.149)
??????????????????????fz ??????????????????ρp ????
????????
???????????????? Eq. (2.147)?Eq. (2.148)?Eq. (2.149)?? Qx?Qy ???????
??????????????????? f = {fx, fy, fz}????????????????????
???????
∂2Mxx
∂x2
+ 2
∂2Mxy
∂x∂y
+
∂2Myy
∂y2
− hρpω2w − z ∂fx
∂x
− z ∂fy
∂y
− fz = 0 (2.150)
2.4.2 ???????????????
???????????
Eq.(2.150)???????? δw???????? Γ?????????????????(α,β = x, y)
∫
Γ
⎧⎨⎩δw
⎛⎝∑
α
∑
β
∂2Mαβ
∂α∂β
⎞⎠− zδw(∑
α
∂fα
∂α
)
− δwfz − δwhρpω2w
⎫⎬⎭ dS = 0 (2.151)
??????????????????????????
∫
Γ
δw
⎛⎝∑
α
∑
β
∂2Mαβ
∂α∂β
⎞⎠ dS
=
∫
Γ
∑
α
∑
β
{
∂
∂α
(
δw
∂Mαβ
∂β
)
− ∂δw
∂α
∂Mαβ
∂β
}
dS (2.152)
=
∫
Γ
∑
α
∑
β
{
∂
∂α
(
δw
∂Mαβ
∂β
)
− ∂
∂β
(
∂δw
∂α
Mαβ
)
+
∂2δw
∂αβ
Mαβ
}
dS (2.153)
=
∫
∂Γ
∑
α
∑
β
(
δwnα
∂Mαβ
∂β
− ∂δw
∂α
nβMαβ
)
dL+
∫
Γ
∑
α
∑
β
(
∂2δw
∂αβ
Mαβ
)
dS (2.154)
42 ? 2? ?????????
Eq. (2.153)?? Eq. (2.154)????? Eq. (2.153)??????????????????????
???Eq.(2.151)????????????????????∫
Γ
zδw
(∑
α
∂fα
∂α
)
dS = z
∫
Γ
∑
α
{
∂
∂α
(δwfα)− ∂δw
∂α
fα
}
dS (2.155)
= z
∫
∂Γ
∑
α
(δwfαnα)dL− z
∫
Γ
∑
α
(
∂δw
∂α
fα
)
dS (2.156)
= −z
∫
Γ
∑
α
(
∂δw
∂α
fα
)
dS (2.157)
Eq.(2.155)?? Eq.(2.156)????? Eq.(2.155)?????????????????Eq.(2.156)??
???????????????????????????? 0????????????Eq.(2.151)?
??????????????
∫
Γ
∑
α
∑
β
(
∂2δw
∂αβ
Mαβ
)
dS − hρpω2
∫
Γ
δwwdS −
∫
Γ
δwfzdS
+ z
∫
Γ
∑
α
(
∂δw
∂α
fα
)
dS +
∫
∂Γ
∑
α
∑
β
(
δwnα
∂Mαβ
∂β
− ∂δw
∂α
nβMαβ
)
dL = 0 (2.158)
?????????
?????Eq.(2.158)????????????????????????????????????
??????? N????????????????? Eq.(2.158)????????????????
???????????????????? i??????????????????????????
??????????????????????????????????????????????
???
w =
⎧⎨⎩ wθx(= ∂w/∂y)
θy(= −∂w/∂x)
⎫⎬⎭ (2.159)
????????????? w ??????????????? wi = {wi, θix, θiy}T ???????
N iw, N
i
θx
, N iθy ????????????
w =
∑
i
(N iww
i +N iθxθ
i
x +N
i
θyθ
i) (2.160)
??? {Np}??????, {we}??????????????????????
{Np} = {N1w N1θx N1θy . . . N Iw N Iθx N Iθy} (2.161)
{we} = {w1, θ1x, θ1y, . . . , wI , θIx, θIy}T (2.162)
?????????Eq.(2.160)????????????????????????
w = {Np}{we} (2.163)
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???????????????? δw ????????????
δw = {Np}{δwe} (2.164)
?????????Eq.(2.158) ???????????????????????????????
??????????????????
???????????
????????? e???? Eq.(2.158)???????????????????????????
?????????????? 4????????????? 3?????Eq.(2.158)????????
????????????
∂2δw
∂αβ
Mαβ =
∂2δw
∂x2
Mxx +
∂2δw
∂xy
Mxy +
∂2δw
∂yx
Myx +
∂2δw
∂y2
Myy
=Mxx
∂2δw
∂x2
+
∂2δw
∂y2
Mxy +
∂2δw
∂yx
2Myx
= {δR}T · {M} (2.165)
??????????????????????
{δR} =
{
∂2δw
∂x2
∂2δw
∂y2 2
∂2δw
∂yx
}T
(2.166)
{M} = {Mxx Myy Mxy}T (2.167)
??????? e??????? Eq.(2.163)????????????
{
δR
}
=
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
∂2
∂x2
∂2
∂y2
2
∂2
∂x∂y
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
[
N1w N
1
θx
N1θy . . . N
I
w N
I
θx
N Iθy
] {δwe} (2.168)
= [B]{δwe} (2.169)
??????????????[B]????????????
[B] =
⎡⎢⎣
∂2
∂x2N
1
w
∂2
∂x2N
1
θx
∂2
∂x2N
1
θy
. . . ∂
2
∂x2N
I
w
∂2
∂x2N
I
θx
∂2
∂x2N
I
θy
∂2
∂y2N
1
w
∂2
∂y2N
1
θx
∂2
∂y2N
1
θy
. . . ∂
2
∂y2N
I
w
∂2
∂y2N
I
θx
∂2
∂y2N
I
θy
2 ∂
2
∂x∂yN
1
w 2
∂2
∂x∂yN
1
θx
2 ∂
2
∂x∂yN
1
θy
. . . 2 ∂
2
∂x∂yN
I
w 2
∂2
∂x∂yN
I
θx
2 ∂
2
∂x∂yN
I
θy
⎤⎥⎦ (2.170)
???Eq.(2.146)???? Eq.(2.106)????????????????????????
⎧⎨⎩MxxMyy
Mxy
⎫⎬⎭ = Ep(1 + jηp)h3p12(1− ν2p)
⎡⎣ 1 νp 0νp 1 0
0 0 (1− νp)/2
⎤⎦
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
∂2w
∂x2
∂2w
∂y2
2
∂2w
∂x∂y
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(2.171)
44 ? 2? ?????????
??????? e???????????????⎧⎨⎩MxxMyy
Mxy
⎫⎬⎭ = [D][B]{we} (2.172)
????[D]????????????????????????
[D] =
Ep(1 + jηp)h3p
12(1− ν2p)
⎡⎣ 1 νp 0νp 1 0
0 0 (1− νp)/2
⎤⎦ (2.173)
????????Eq.(2.158)?????∫
Γ
∑
α
∑
β
(
∂2δw
∂αβ
Mαβ
)
dS = {δR}T · {M} (2.174)
= {δwe}T
∫
Γe
[B]T [D][B]dS{we}
= {δwe}T [Kpe ]{we} (2.175)
????????[Kpe ]??????????????????????????
[Kpe ] =
∫
Γe
[B]T [D][B]dS (2.176)
????Eq.(2.158)???????????????? Eq.(2.163)????????????
hρp
∫
Γe
δw · wdS = hρp
∫
Γe
{δwe}T {Np}T {Np}{we}dS
= {δwe}T [Mpe ]{we} (2.177)
?????????????????????? [Mpe ]????????????
[Mpe ] = hρp
∫
Γe
{Np}T {Np}dS (2.178)
???Eq.(2.158)??????????????????????????????????? fz ?
????????????????????Eq.(2.158)?????∫
Γ
δwfzdS = =
∫
Γ
{δwe}T {Np}T {fe}dS
= {δwe}T [Qpe ]{fe} (2.179)
???????????????????? {Qpe }????????????
{Qpe } =
∫
Γ
{Np}T dS (2.180)
Eq.(2.158)?????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????
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????Eq.(2.158)???????????????????????????????????x, y
??????????? n????????? s???????????????????∫
∂Γ
∑
α
∑
β
(
δwnα
∂Mαβ
∂β
− ∂δw
∂α
nβMαβ
)
dL
=
∫
∂Γ
{
∂δw
∂n
Mn +
∂δw
∂s
Ms − δw
(
∂Mn
∂n
+
∂Ms
∂s
)}
dL (2.181)
=
∫
∂Γ
{
∂δw
∂n
Mn − δw
(
∂Mn
∂n
+ 2
∂Ms
∂s
)
+
∂
∂s
(δwMs)
}
dL (2.182)
=
∫
∂Γ
{
∂δw
∂n
Mn − δw
(
∂Mn
∂n
+ 2
∂Ms
∂s
)}
dL+
∫
∂∂Γ
{δwnsMs} dP
(2.183)
????Mn = Mαβnβnα?Ms = Mαβnβsα ???????Eq. (2.182)?? Eq. (2.183)?????
Eq. (2.182) ????????????????????????????????????? δw ??
????????????? ∂δw/∂n????????????Mn????????????????
(∂Mn/∂n+ 2∂Ms/∂s)[68]?????????????
???? Fig.2.9 ??????????? 4 ???????????????????????
Eq.(2.183)?????????????? 0??????????? 4???????????????
???????????????????????????????????????????????
?????????????????????????????????
????????????????????????????????????? ZQw??????
???????????? ZM(∂w/∂n)???????? ZQ ?????????????????ZM
??????????????????????(2.158)?????????????????∫
∂Γ
(
δwZQw +
∂δw
∂n
ZM
∂w
∂n
)
dL
=
∫
∂Γe
(
ZQ{δue}T {Np}T {Np}{ue}+ ZM{δue}T ∂
∂n
{Np}T ∂
∂n
{Np}{ue}
)
dL
= {δue}T [Zpe ]{ue} (2.184)
?????????????????? [Zpe ]????????????
[Zpe ] =
∫
∂Γ
(
ZQ{Np}T {Np}+ ZM ∂
∂n
{Np}T ∂
∂n
{Np}
)
dL (2.185)
46 ? 2? ?????????
Simple Support End Clamped End
Normal Moment Normal Slope
Free End Guided End
Displacement
Shear Force
Fig. 2.9: Fundamental boundary condition for the bending plate.
???????????
???????????????????????????????????????
[Kp] =
∑
e∈Ω
[K′pe ]
[Mp] =
∑
e∈Ω
[M′pe ]
[Qp] = [Q′pe ]{fpe }
[Zp] =
∑
e∈Ω
[Z′pe ]
??????????? {δu}?????????? {u}??????Eq.(2.113)??????????
??????????????
{δw}T (([Kp] + [Zp]− ω2[Mp]){w}− [Qp]{fp}) = {0} (2.186)
??????????????????
([Ks] + [Zp]− ω2[Ms]){w} = [Qs]{f s} (2.187)
???????
?????
????? Adini-Clough-Melosh ????????????? [1, 40]??????????????
?????????????????????????? 12??????????????? x???
?? y ?????????????????????????? 12?????????? w?????
???
w ≡ {P}T {α} (2.188)
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????
{P}T = { 1, x, y, x2, xy, y2, x3, x2y, xy2, y3, x3y, xy3 } (2.189)
{α}T = { α1, α2, α3, α4, α5, α6, α7, α8, α9, α10, α11, α12 } (2.190)
????
???????? θx, θy ????????????
θx =
∂w
∂y
=α3+α5x+ 2α6y + 2α8x
2 + 2α9xy (2.191)
+ 3α10y
2 + α11x
3 + 3α12xy
2 (2.192)
θy = −∂w
∂x
=− α2 − 2α4x− α5y − 3α7x2 − 2α8xy (2.193)
− α9y2 − 3α11x2y − α12y3 (2.194)
α1 ?? α12 ?????????????? i???? (xi, yi)??????????????????
12???????????????????????????????????????
{we} = [C]{α} (2.195)
????[C]????????????? 12? 12??????????
??? Eq. (2.188)???????????
w ≡ {P}T {α} = {P}T [C]−1{we} = {Np}{we} (2.196)
{Np} = {P}T [C]−1 (2.197)
{Np}???? z ???? w ??????????????????
48 ? 2? ?????????
2.5 ???????????
2.5.1 ??????????
??????????????????????????????????????????????
???????????????????????????????
T∇2mum − ρm
∂2um
∂t2
+ fz = 0 (2.198)
????T, ρm, fz, um ???????????????????????????????????
???????∇m ?????????????? xy??????????? ∇2m ?????????
???
∇m = ∂
2
∂x2
+
∂2
∂y2
(2.199)
???????????????????????????????????????????
T∇2mum + ρmω2um + fz = 0 (2.200)
Fixed Edge
n
∂ΓFxΓ
Free Edge
Admittance 
∂ΓFr
∂ΓY
Fig. 2.10: Boundary conditions and domain notation for membrane vibration field.
2.5.2 ???????????????
Eq.(2.200)?????????? Helmholtz??????????????????????????
???????????????????????????????????????????????
???????????????????
???????????
Eq.(2.200)?????????? δum ?????????????????????????∫
Γ
(T δum∇2mum + ρmω2δumum + δumfz)dS = 0 (2.201)
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????????????? Green ????????????????????????????
??? ∫
Γ
T∇mδum ·∇mumdS −
∫
Γ
ρmω
2δumumdS
−
∫
Γ
δumfzdS − T
∫
∂Γ
δum
∂um
∂n
dL = 0 (2.202)
?????????
???? Eq.(2.202)?????????????????????????????????????
?? N???????????????? Eq.(2.202)??????????????????????
??????????????????????? um ?????????? uim ????? Ni ???
?????????
um =
∑
i
Niu
mi
= [Nm]{um} (2.203)
????[Nm] = [N1, N2, N3, . . . , NI ]?{um} = {um1, um2, um3, . . . , umI} ???????????
????????????? δum ?????????????????????
δum = [Nm]{δum} (2.204)
?????????Eq.(2.202) ???????????????????????????????
??????????????????
???????????
????????? e???? Eq.(2.202)????????????????????∫
Γe
∇mδum ·∇mumdS =
∫
Γe
∇m(
∑
i
Niδu
mi) ·∇m(
∑
i
Niu
mi)dS
= {δume }T
∫
Γe
[Bm]T [Bm]dS{ume }
= {δume }T [Km]{ume } (2.205)∫
Γe
δumumdS =
∫
Γe
(
∑
i
Niδu
mi)(
∑
i
Niu
mi)dS
= {δume }T
∫
Γe
[Nm]T [Nm]dS{ume }
= {δume }T [Mm]{ume } (2.206)
???????????? [Bm]??????????? [Kme ]??????????? [M
m
e ]????
50 ? 2? ?????????
????????????
[Bm] =
⎡⎢⎢⎣
∂
∂x
∂
∂y
⎤⎥⎥⎦ [Nm], [Kme ] = ∫
Γe
[Bm]T [Bm]dS, [Mme ] =
∫
Γe
[Nm]T [Nm]dS (2.207)
???????????? Eq.(2.202)????????????????????????? fez ??
???????????????Eq.(2.202)????∫
Γe
δumfzdS = {δume }T
∫
Γ
[Nm]T dS{fez }
= {δume }T [Qme ]{fez } (2.208)
?????????????? [Qme ]????????????
[Qme ] =
∫
Γe
[Nm]T dS (2.209)
?????????????? Eq.(2.202)???????????????????????????
???????????????????????? um = 0 (on ∂ΓFx),?? ∂um/∂n = 0 (on ∂ΓFr)
?????????????????? Eq.(2.202)????? 0?????????????
??????????????????????????????????????????????
????????????????????????????????
∂um
∂n
= −jkmβmn um (2.210)
????βmn ??????????????? β
m
c = 1/
√
ρmT ??????????????????
km ????????????????Eq.(2.202)???????????????∫
∂Γ
δum
∂um
∂n
dL = −jkmβmn
∫
∂Γ
δumumdL
= −jkm{δume }T
(
βmn
∫
∂Γ
[Nm]T [Nm]dL
)
{ume }
= −jkm{δume }T [Cme ]{ume } (2.211)
?????????????? [Cm]????????????
[Cme ] = β
m
n
∫
∂Γ
[Nm]T [Nm]dL (2.212)
???????????
??????????????????????????????????????????
[Km] =
∑
e∈Γ
[K′me ], [M
m] =
∑
e∈Γ
[M′me ], [C
m] =
∑
e∈∂Γ
[C′me ], (2.213)
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??????????????????????????????????????
∑
e∈Γ
∫
Γe
[Nm]T {fez }dS =
[
[Q′me ] [Q′me ] . . . [Q′me ] . . .
]
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
fez
fez
...
fez
...
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
= [Qm]{fz} (2.214)
????????????????????? {δum}???????????? {um} ??????
Eq.(2.202)????????????
{δum}((T [Km]− ρmω2[Mm]− jkmT [Cm]){um}− [Qm]{fz}) = 0 (2.215)
????????????????????
(T [Km]− ρmω2[Mm]− jkmT [Cm]){um} = [Qm]{fz} (2.216)
???????????????-???????????????????????????? [55]?
??????????????? T = 0??????????????????????????
−ρmω2[Mm]{um} = [Qm]{fz} (2.217)
52 ? 2? ?????????
2.6 ????????????????
2.6.1 ???????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????? (Fig. 2.11)???????????????????????
?????????????????
Empirical Model Semi-Empirical Model Analytical ModelSemi-phenomenological Model
Cylindrical Tube Model(1949) [77]
Delany-Bazley Model (1970) [17]
Miki Model (1990) [41]
Modified Miki Model (1990) [42]
Kato Model (2007) [90,91]
Doutres-Atalla Model (2012) [19]
JA Model(1987) [28]
JCA Model(1991) [12]
JCAL Model(1997) [34]
JCAPL Model(1997) [49]
J: Johnson, A: Allard, C: Champoux, L: Lafarge, P: Pride
?Mod.       ???with?    at high-frequency 
?Mod.       ???with?    at high-frequency 
?Mod.       ???and          with some parameter and
         2nd order term (propotional to jω) at low-frequency 
?Mod.       ???with?      at low-frequency 
?Mod. Coefficients for better behavior at low-frequency 
?Incorporate effects of porosity and tortuosity
? Biot parameters are obtained by theoretical and empirical expressions 
Fig. 2.11: Development of internal fluid models
??????????
?????????????????????????
• ??? (Porosity : φ [])?????????????????????????????????
??????????????? ρs??????????? ρb ?? φ = 1− ρbρs ??????
• ??? (Tortuosity : α∞ []) ???????????????????????????????
?????????????????????????????????? Biot???????
????????????????????????
• ????? (Viscous Characteristic Length : Λ [m])?????????????????????
? vi ?? Λ = 2
∫
Ω v
2
i dV/
∫
Γ v
2
i dS ?????????????Ω?????????Γ????
???????????????????????????? Johnson ???????????
?????? [28]????????????????????????????????????
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???????????
• ????? (Thermal Characteristic Length : Λ′ [m]) ????????????????????
?? Champoux????????????????? [12]?Λ′ = 2
∫
Ω dV/
∫
Γ dS ???????
??????????????????????????????????
• ???? (Flow Resistivity : σ [Ns/m4])??????????????????????????
??????????????????????????????
• ???? (Thermal Permeability : k′0 [m2])???????????????? Lafarge?????
??????????? [34]?????????????? Darcy??????????????
?????????????????????
??????????????????????
• ???? (Young’s Modulus : E [N/m2])
• ????? (Poisson’s ratio : ν [])?
• ???? (Loss Factor : η [])
• ??? (Bulk Density : ρb [kg/m3])
Miki Model
Miki???????????????????????????????????????????
?????? [41, 42]?
Z˜f =
ρ0
√
α∞c0
φ
[
1 + 0.07
(
f
σe
)−0.632
− 0.107j
(
f
σe
)−0.632]
(2.218)
γ˜f =
ω
√
α∞
c0
[
0.160
(
f
σe
)−0.618
+ j
(
1 + 0.109
(
f
σe
)−0.618)]
(2.219)
???????????? σe =
φ
α∞σ???????????Miki Model? Delany-Bazley Model[17]
???????????Delany-Bazley Model????? 0.01 < f/σ < 10?????????????
????Miki Model????? f/σ < 0.01???????? Delany-Bazley Model????????
?????????????????
??????? ρ˜f???????? K˜f????? c˜f????? k˜f?????????? Z˜f?????
γ˜f ????????????????
Z˜f =
√
K˜f ρ˜f , ρ˜f = −j Z˜f γ˜f
ω
, K˜f = jω
Z˜f
γ˜f
, c˜f = j
ω
γ˜f
, k˜f = −jγ˜f (2.220)
Johnson-Champoux-Allard-Lafarge Model
Johnson??????? Λ??????????????????????????????????
??????? [28]?
54 ? 2? ?????????
ρ˜f = ρ0α∞
(
1 +
2
Λ
(
η
jωρ0
)1/2)
,ω →∞. (2.221)
ρ˜f =
σφ
jω
,ω → 0. (2.222)
Eq.(2.221), (2.222)?????????????????????Johnson????????????
? [28]?
ρ˜f = ρ0α∞
(
1 +
σφ
jωα∞ρ0
√
1 + jω
4ηα2∞ρ0
φ2Λ2σ2
)
(2.223)
???Champoux??????? Λ′ ?????????????????????????????
???????? [12]?
K˜f = γP0
[
1− 2(γ − 1)
Λ′
(
η
jωB2ρ0
)1/2]−1
,ω →∞. (2.224)
???Lafarge ?????? k′0 ???????????????????????????????
[34]?
K˜f = γP0
[
γ − jω (γ − 1)ρ0k
′
0B
2
ηφ
]−1
,ω → 0 (2.225)
Eq.(2.224), (2.225) ??????????Johnson-Allard-Champoux-Lafarge Model ????????
???????????????
K˜f = γP0
⎡⎢⎣γ − (γ − 1)
⎡⎣1 + ηφ
jωρ0k′0B2
√
1 + jω
4ρ0k′20 B2
ηφ2Λ′2
⎤⎦−1
⎤⎥⎦
−1
(2.226)
????????????????? k′0 = φΛ′2/8??????????????????????
????????????Johnson-Champoux-Allard Model??
K˜f = γP0
⎡⎣γ − (γ − 1)[1 + 8η
jωρ0Λ′2B2
√
1 + jω
ρ0Λ′2B2
16η
]−1⎤⎦−1 (2.227)
??????? k′0 ????????????????????????????????????
?????????????????????????????????????????????
Johnson-Champoux-Allard Model?????????????????? [5]?
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Kato Model
Kato???????????????????????????????? sv, st ????????
??????? [90, 91]?
ρ˜f = ρ0α∞
[
1 +
8η
jωρ0Λ2
√
1 + jω
ρ0Λ2
12η
− sv
]
(2.228)
K˜f = γP0
⎡⎢⎣γ − (γ − 1)
⎡⎣1 + 8η
jωρ0Λ′2eﬀB2
√
1 + jω
ρ0Λ′2eﬀB2
12η
− st
⎤⎦−1
⎤⎥⎦
−1
(2.229)
?????? Λ,Λ′eﬀ ,α∞, sv, st ?????????????????
?????????????????????????????????????????
Λ′theory =
D(ρs − ρb)
2ρb
(2.230)
??????????????????????????????????????????????
?????????????????????? Λ′eﬀ ?????
Λ′eﬀ =
D(ρs − ρb)
2ρb(1− χ) (2.231)
??????????????????????????
χ = 1−
⎡⎣1 +(5.45× 10−5
Λ′theory
)2⎤⎦−1 (2.232)
Allard???????????????????????????????????????????
???????????????????? [5]?
Λ = Λ′eﬀ/2 (2.233)
????????????????????????
α∞ = 1 +
(
5.45× 10−5
Λ′theory
)1.5
(2.234)
???? sv, st ??????????????????
sv = − η(ρs − ρb)
jωρ0ρbΛ′eﬀ
(
1
Λ
− 1
Λ′eﬀ
)
, st = j
[
2η(ρs − ρb)
3ωρ0ρbΛ′eﬀ
(
1
Λ
− 1
Λ′eﬀ
)]3/4
(2.235)
56 ? 2? ?????????
?Kato Model ??????????? ? Kato Model ????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
???????????? Kato Model ??????????????????Kato Model ?????
(Eq.(2.228))????????????????????
ρ˜f ≈ ρ0α∞
[
1 +
8η
jωρ0Λ2
(
1 + jω
ρ0Λ2
24η
)
− sv
]
,ω → 0 (2.236)
= ρ0α∞
(
4
3
+
(32− 31φ)α∞η
jω(1− φ)φΛ′2eﬀ
)
(2.237)
Eq.(2.237)?????JCA Model?????????????????? (Eq.(2.222))???????
Kato Model????????????????????????
σ =
(32− 31φ)α∞η
(1− φ)φΛ′2eﬀ
(2.238)
?????????Kato Model? Biot parameter??????????????????
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2.6.2 Biot????????????????????
uU????????
Biot????????????????????????????????????????????
???? us,uf ????????????????????????
divσs(us,uf)− ρ11
∂2us
∂t2
− ρ12
∂2uf
∂t2
= 0 (2.239)
divσf(us,uf)− ρ22
∂2uf
∂t2
− ρ12
∂2us
∂t2
= 0 (2.240)
?????????????????? σs(us,uf),σf(us,uf)????????????????
σs(us,uf) = (P − 2N)divus1 + 2Nεs +Qdivuf1 (2.241)
σf(us,uf) = Qdivus1 +Rdivuf1 (2.242)
1????????εs ????????????????? εsij ? Eq.(2.106)???????????
??P,Q,R? Biot?????????ρ11, ρ12, ρ22 ? Biot????????????????????
??????? ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
P =
(1− φ)(1− φ−Kb/Ks)Ks + φ(Ks/Kf)Kb
1− φ−Kb/Ks + φ(Ks/Kf) +
4
3
N
Q =
(1− φ−Kb/Ks)φKs
1− φ−Kb/Ks + φ(Ks/Kf)
R =
φ2Ks
1− φ−Kb/Ks + φ(Ks/Kf)
(2.243)
⎧⎪⎪⎪⎨⎪⎪⎪⎩
ρ11 = ρb − ρ12
ρ12 = −φρ0(α∞ − 1)
ρ22 = φρ0 − ρ12
(2.244)
????Kb ????????????????Ks ??????????????????????
??????????????????????????? Kb ≪ Ks ?????? [7]???????
P,Q,R??????????????
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
P ≈ (1− φ)
2
φ
Kf +Kb +
4
3
N
Q ≈ (1− φ)Kf
R ≈ φKf
(2.245)
58 ? 2? ?????????
?????????????????????????????????????????????
divσs(us,uf) + ρ11ω
2us + ρ12ω
2uf = 0 (2.246)
divσf(us,uf) + ρ22ω
2uf + ρ12ω
2us = 0 (2.247)
?????????????????????????????????P,Q,R???? (2.243)??
?? Kf ???????????? Eq.(2.227)??? Eq.(2.229)?????, ρ11, ρ12, ρ22 ??????
????????????? Eq.(2.223)??? Eq.(2.228)??????????????⎧⎪⎪⎪⎨⎪⎪⎪⎩
ρ˜11 = ρb − ρ˜12
ρ˜12 = −φ(ρ˜f − ρ0)
ρ˜22 = φρ0 − ρ˜12
(2.248)
??????????????????????????????????????????????
????????????????????? [21]????????????????????????
??????????????????????????????????
up????????
?????????????????????????
σf(us,uf) = −φp1 (2.249)
Atalla?? Eq.(2.241),(2.242),(2.246),(2.247)??? (2.249)??????? us?????? p????
?????????????? [6]?
divσs(us) + ρ˜sω
2us + γ˜gradp = 0 (2.250)
∇2p+ ω2 ρ˜22
R˜
p− ω2 γ˜ρ˜22
φ2
divus = 0 (2.251)
??? ρ˜s, γ˜ ????????????????????????????????????????
??????
ρ˜s = ρ˜11 − (ρ˜12)
2
ρ˜22
, γ˜ = φ
(
ρ˜12
ρ˜22
− Q˜
R˜
)
(2.252)
????σs(us) ?????????????????????????????????????
Eq.(2.104)???????????up???????????????? σs(us, p)?????????
σs(us, p) = σs(us)− φ Q˜
R˜
p1 (2.253)
Eq.(2.250)????????????????????????? Eq.(2.107)???????????
????????????????????????????????????Eq.(2.251)??????
??? Helmholtz???, Eq.(2.9)???????????????????????????????
???
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up?????????????????????uU??????????????????????
??????????????????????????????????????????????
???? uU???? 6??????????, up???? 4????????????? up????
??????????????????????????????????????????????
?????????????????????? up????????????
2.6.3 ????????????????????
???????????
??????? Eq.(2.250)???????? δus ???????? Ω??????????????
??? ∫
Ω
(δus · divσs(us) + ρ˜sω2δus · us + γ˜δus · gradp)dV = 0 (2.254)
??????? Eq.(2.109)∼(2.112)?????????????????????∫
Ω
δus · divσs(us)dV =
∫
Γ
δus · σs(us) · ndS −
∫
Ω
δεs : σs(us)dV (2.255)
?????????????????????????????????????????????∫
Ω
δεs : σs(us)dV −
∫
Ω
ρ˜sω
2δus · usdV −
∫
Ω
γ˜δus · gradpdV −
∫
Γ
δus · σs(us) · ndS = 0 (2.256)
??????? Eq.(2.251) ???????? δp ???????? Ω ??????????????
??? ∫
Ω
(
δp ·∇2pdV + ω2 ρ˜22
R˜
δp · p− ω2 γ˜ρ˜22
φ2
δp · divus
)
dV = 0 (2.257)
??????????????????????∫
Ω
δp · divudV =
∫
Ω
∑
i
δp
∂ui
∂i
dV
=
∫
Ω
∑
i
{
∂
∂i
(δpusi)−
∂δp
∂i
usi
}
dV (2.258)
=
∫
Ω
{div(δpus)−∇δp · us} dV (2.259)
=
∫
Γ
δpus · ndS −
∫
Ω
∇δp · usdV (2.260)
Eq. (2.259)?? Eq. (2.260)????? Eq. (2.259)?????????????????Eq.(2.257)?
Eq.(2.260)????????? Green??????????????????????????????
??????????????????????∫
Ω
∇δp ·∇pdV − ω2 ρ˜22
R˜
∫
Ω
δp · pdV − ω2 γ˜ρ˜22
φ2
∫
Ω
∇δp · udV
+
∫
Γ
(
ω2
γ˜ρ˜22
φ2
δpus · ndS − δp · ∂p
∂n
)
dS = 0 (2.261)
60 ? 2? ?????????
?????????
Pressure-difined
Fixed Support
Slip Support
Thin Air Support n
Ω
Γp
Γv
ΓS
ΓG
Displacement-difined
ΓF
Air Gap
Fig. 2.12: Boundary conditions and domain notation for poroelastic body field.
???? Eq.(2.256), (2.261)?????????????????????????????????
???????? N????????????????? Eq.(2.256), (2.261)????????????
???????????????????????????????????? us ?????????
p??????????????? Ni ????????????
us =
∑
i
Niu
si, p =
∑
i
Nip
i (2.262)
????[Ns], [Ns]????????, {use}, {pe}??????????????????????
[Ns] =
⎡⎣N1 0 0 . . . NI 0 00 N1 0 . . . 0 NI 0
0 0 N1 . . . 0 0 NI
⎤⎦ , [Nf ] = [N1, . . . , NI ] (2.263)
{use} = {u1x, u1y, u1z, . . . , uIx, uIy, uIz}T , {pe} = {p1, . . . , pI} (2.264)
??????? Eq.(2.262)?????????????????????????
us = [Ns]{use}, p = [Nf ]{pe} (2.265)
????????????????????????????????????????
δus = [Ns]{δuse}, δp = [Nf ]{δpe} (2.266)
?????????
???????? e???? Eq.(2.256)????,???????????????????????
?????????????????????2.3.2????????????????????????
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????????????????????????????????????∫
Ωe
δεs : σsdV =
∫
Ω
{δε}T · {σ}dV
= {δue}T
∫
Ωe
[Bs]T [Ds][Bs]dV {ue}
= {δue}T [Kse]{ue} (2.267)
ρ˜s
∫
Ωe
δu · udV = ρ˜s
∫
Ωe
{δue}T [Ns]T [Ns]{ue}dV
= {δue}T [Mse]{ue} (2.268)
????????????????? [Kse]???????????????? [M
s
e]????????
????
[Kse] =
∫
Ωe
[Bs]T [Ds][Bs]dV, [Mse] = ρ˜s
∫
Ωe
[Ns]T [Ns]dV (2.269)
?????????????? [Bs]????????????
[Bs] =
⎡⎢⎣ ∂∂x 0 0 ∂∂y 0 ∂∂z0 ∂∂y 0 ∂∂x ∂∂z 0
0 0 ∂∂z 0
∂
∂y
∂
∂x
⎤⎥⎦
T
[Ns] (2.270)
???????? e???? Eq.(2.261)????,????????????????????????
2.2.3????????????????????????????????????????????
?????????? ∫
Ωe
∇δp ·∇pdV =
∫
Ωe
∇(
∑
i
Niδpi) ·∇(
∑
j
Njpj)dV
= {δpe}T
∫
Ωe
[Bf ]T [Bf ]dV {pe}
= {δpe}T [Kfe]{pe} (2.271)∫
Ωe
δppdV =
∫
Ωe
(
∑
i
Niδpi) · (
∑
j
Njpj)dV
= {δpe}T
∫
Ωe
[Nf ]T [Nf ]dV {pe}
= {δpe}T [Mfe]{pe} (2.272)
????????????????? [Kse]???????????????? [M
s
e]?????????
???
[Kfe] =
∫
Ωe
[Bf ]T [Bf ]dV, [Mfe] =
∫
Ωe
[Nf ]T [Nf ]dV (2.273)
?????????????? [Bf ]????????????
[Bf ] =
⎡⎣ ∂∂x∂
∂y
∂
∂z
⎤⎦ [Nf ] (2.274)
62 ? 2? ?????????
?????? e???? Eq.(2.256)?????????????????????
γ˜
∫
Ωe
δus ·∇pdV = γ˜
∫
Ωe
(
{δusx, δusy, δusz} · {
∂p
∂x
,
∂p
∂y
,
∂p
∂z
}
)
dV
= γ˜
∫
Ωe
(
[δusx, δu
s
y, δu
s
z][
∂p
∂x
,
∂p
∂y
,
∂p
∂z
]T
)
dV
= {δuse}T
(
γ˜
∫
Ωe
[Ns]T [Bf ]dV
)
{pe}
= {δuse}T [Csfe ]{pe} (2.275)
?????????????? [Csfe ]????????????
[Csfe ] = γ˜
∫
Ωe
[Ns]T [Bf ]dV (2.276)
??????? e???? Eq.(2.261)?????????????????????????????
???????????????
γ˜
∫
Ωe
∇δp · usdV = γ˜
∫
Ωe
(
{∂δp
∂x
,
∂δp
∂y
,
∂δp
∂z
} · {usx, usy, usz}
)
dV
= γ˜
∫
Ωe
(
[
∂p
∂x
,
∂p
∂y
,
∂p
∂z
][δusx, δu
s
y, δu
s
z]
T
)
dV
= γ˜{δpe}T
∫
Ωe
[Bf ]T [Ns]dV {use}
= {δpe}T [Csfe ]T {use} (2.277)
?????????
Eq.(2.256), (2.261)??????????????????????????????????????
?? [16]??????????????????????????????????????Kb ≪ Ks
??????????????????? 0???????????????????????????
??????????????????????????
????????????????????????????????????????? σs(us)?
??????????????????????????? σt ????????????Eq.(2.249)?
(2.253)??????????????????????
σt = σs(us, p) + σf(us,uf)
= σs(us)− φ
(
1 +
Q˜
R˜
)
p1 (2.278)
????????????????????????
Is =
∫
Γ
δus · (σs · n)dS
=
∫
Γ
[
δus · (σt · n) + φ
(
1 +
Q˜
R˜
)
(δus · n)p
]
dS (2.279)
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??????????????????????????????????????????????
??Eq.(2.247),(2.249)????????????????????????????????
φ
ω2ρ˜22
∇p = uf + ρ˜12
ρ˜22
us (2.280)
????divp1 = ∇p????????????????????????????????????
?????????????????????????????
φ
ω2ρ˜22
∂p
∂n
= ufn +
ρ˜12
ρ˜22
usn (2.281)
?????????????????????????????
If =
∫
Γ
[
ω2
γ˜ρ˜22
φ
δp(us · n)dS − δp · ∂p
∂n
]
dS
=
ω2ρ˜22
φ2
∫
Γ
[
φγ˜δp(us · n)dS − φ
2
ω2ρ˜22
δp · ∂p
∂n
]
dS
=
ω2ρ˜22
φ2
∫
Γ
[
γ˜δpusn − φδp ·
(
ufn +
γ˜
φ
usn +
Q˜
R˜
usn
)]
dS
= −ω
2ρ˜22
φ2
∫
Γ
φδp ·
(
ufn +
Q˜
R˜
usn
)
dS
= −ω
2ρ˜22
φ2
∫
Γ
φδp ·
(
ufn − usn + usn +
Q˜
R˜
usn
)
dS
= −ω
2ρ˜22
φ2
∫
Γ
[
δp · φ (ufn − usn)+ δp · φ
(
1 +
Q˜
R˜
)
usn
]
dS (2.282)
????Kb ≪ Ks ?????? Q˜, R˜? Eq.(2.245)??????????????????????
? φ
(
1 + Q˜
R˜
)
????????????
φ
(
1 +
Q˜
R˜
)
= 1 (2.283)
???????????????????????????????????????????? S˜
????????????
S˜ = φ
(
1 +
Q˜
R˜
)
(2.284)
??????? Γp ????????? pi ???????????????????????????
??????????? {
σt · n = −pi1 · n
p = pi
(on Γp) (2.285)
64 ? 2? ?????????
??????????????????????????????????????????????
?????????????? Eq.(2.279)?????????????????
Is =
∫
Γp
δusn(−1 + S˜)pdS
= (−1 + S˜)
∫
Γp
(δus · n)pdS
= (−1 + S˜){δuse}T
∫
Γp
[Ns]T {n}[Nf ]{pe}dS
= (−1 + S˜){δuse}T [Qp]{pe} (2.286)
????Kb ≪ Ks ???????? Eq.(2.283)?? Is = 0??????????????????
???????????????????????? δp = 0???????????????????
????????? [97]?????Eq.(2.282)? Γp ?? 0????
If = 0 (2.287)
?????????????????????Kb ≪ Ks ????????????????????
??????????????? Γp ???? p????p = pi ?????????????????
??????? Γv ????????? ui ???????????????????????????
??????????? {
us = ui
usn − ufn = 0
(on Γv) (2.288)
??????????????????????????????????????????????
???? 0??????????????????????????????????????????
???????????????????????????????????????????????
???????????? δus = 0????????Eq.(2.279)? Γv ?? 0????
Is = 0 (2.289)
??????? Eq.(2.282)?????????????????
If = −ω
2ρ˜22
φ2
∫
Γp
δpS˜usndS
= −ω
2ρ˜22
φ2
S˜
∫
Γp
δp(δus · n)dS
= −ω
2ρ˜22
φ2
S˜{δpe}T
∫
Γp
[Nf ]T {n}[Nf ]dS{use}
= −ω
2ρ˜22
φ2
S˜{δpe}T [Qv]{use} (2.290)
????Kb ≪ Ks ????????????????-?????????????????????
?????????? (Eq.(2.308))?
????????????????????????? Γp ???????????us = ui ????
??????????????? Eq.(2.290)?????????????????
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??????? ??????????????????????????????????????{
us = 0
ufn − usn = 0
(on ΓF) (2.291)
??????????????????????????????????????????????
?????????????????????????????????? Is = 0?????????
?????????????????????? 0????????????????If = 0????
???????????????????????????????????????????????
???
????????? ?????????????????????????????????????
???? ⎧⎪⎨⎪⎩
σttan = 0
usn = 0
ufn − usn = 0
(on ΓS) (2.292)
σttan ???????????????????????????????? 0??????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????Eq.(2.279)????????? n???????????? t,b????
??????????????Eq.(2.292)?????????????????????? Is = 0??
????
Is =
∫
ΓS
⎡⎣{δun δut δub}
⎡⎣σnn σnt σnbσtn σtt σtb
σbn σbt σbb
⎤⎦⎧⎨⎩10
0
⎫⎬⎭+ S˜δunp
⎤⎦ dS
=
∫
ΓS
[{
δun δut δub
} · {σnn σtn σbn}T + S˜δunp] dS
=
∫
ΓS
[{
0 δut δub
} · {σnn 0 0}T + S˜ × 0× p] dS
= 0 (2.293)
???Eq.(2.292)???????? If = 0???????????????????????????
? usn = 0??????????????
??????? Fig.2.13???????????????????? ε??????????????
??????????????????????????????????????????????
??? ⎧⎪⎨⎪⎩
σt · n = −pa+n
p = pa+
(1− φ)usn + φufn = ua+
(2.294)
???????????????? ε?????????????????????????????
? pa+, ua+ ????????????????? pa−, ua− ????????????????????
66 ? 2? ?????????
?????????????????? 0????????????????????????????
??????? {
σt · n = −pn
(1− φ)usn + φufn = 0
(on ΓG) (2.295)
?????? Eq.(2.279)???????? Eq.(2.282)?????????????????????
Is = (−1 + S˜)
∫
Γ
δusnpdS (2.296)
If = −ω
2ρ˜22
φ2
(−1 + S˜)
∫
Γ
δpusndS (2.297)
????Kb ≪ Ks ???????? Is = 0, If = 0??????????????????????
????????????????????????? up????????????????????
???????????????????????????????????????????????
?????????????
ε,,
,
Fig. 2.13: Poroelastic material placed closely to the rigid wall with narrow gap.
???????????
???????????????????????????????????????????
[Ks] =
∑
e∈Ω
[K′se ], [M
s] =
∑
e∈Ω
[M′se ], [C
sf ] =
∑
e∈Ω
[C′sfe ] (2.298)
[Kf ] =
∑
e∈Ω
[K′fe ], [M
f ] =
∑
e∈Ω
[M′fe ], [C
sf ]T =
∑
e∈Ω
[C′sfe ]
T (2.299)
??????????????????????????????????????????????
??????????? {δus}????????????? {us}??????????????? {δp}?
???????????? {p}???????Eq.(2.256)?(2.261)?????????????????
???????????⎧⎨⎩ {δu
s}T (([Ks]− ω2[Ms]){us}− [Csf ]{p}) = {0}
{δp}T (([Ks]− ω2 ρ˜22
R˜
[Ms]){p}− ω2 ρ˜22
φ2
[Csf ]T {us}) = {0} (2.300)
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?????????????????????????????⎧⎨⎩ ([K
s]− ω2[Ms]){us}− [Csf ]{p} = {0}
([Ks]− ω2 ρ˜22
R˜
[Ms]){p}− ω2 ρ˜22
φ2
[Csf ]T {us} = {0} (2.301)
????????????????????????????????????⎡⎣[[Ks]− ω2[Ms]] −[Csf ]
−ω2 ρ˜22
φ2
[Csf ]T [[Ks]− ω2 ρ˜22
R˜
[Ms]]
⎤⎦{{us}{p}
}
=
{{0}
{0}
}
(2.302)
???????? ω2ρ˜22/φ2 ?????????????????????????????????
?????????????????????????⎡⎣[[Ks]− ω2[Ms]] −[Csf ]
−[Csf ]T [ φ
2
ω2ρ˜22
[Ks]− φ
2
R˜
[Ms]]
⎤⎦{{us}{p}
}
=
{{0}
{0}
}
(2.303)
??????????????????????????????????????????????
????????????????????
??? Fig.2.14 ??????????????????????????????????????
???????? [As] = [Ks]− ω2[Ms], [Af ] = φ2/ω2ρ˜22[Ks]− φ2/R˜[Ms], [Cfs] = [Csf ]T ?????
????????
Displacement-defined Pressure-defined
Poroelastic field
Field Definition Classification of Element Matrices
Fig. 2.14: A model case to illustrate the treatment of the excitation on the boundary of poroelastic vibration
field.
??????????????????????????????????⎡⎢⎢⎢⎢⎢⎢⎣
[As11] [A
s
12] [0] −[Csf11] −[Csf12] [0]
[As21] [A
s
22] [A
s
23] −[Csf21] −[Csf22] −[Csf23]
[0] [As32] [A
s
33] [0] −[Csf32] −[Csf33]
−[Cfs11] −[Cfs12] [0] [Af11] [Af12] [0]
−[Cfs21] −[Cfs22] −[Cfs23] [Af21] [Af22] [Af23]
[0] −[Cfs32] −[Cfs33] [0] [Af32] [Af33]
⎤⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
{us1}
{us2}
{us3}
{p1}
{p2}
{p3}
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
=
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
{0}
{0}
{0}
{0}
{0}
{0}
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(2.304)
68 ? 2? ?????????
??????????????????????????????????????????????
???⎡⎢⎢⎢⎢⎢⎢⎣
[I] [0] [0] [0] [0] [0]
[0] [As22] [A
s
23] −[Csf21] −[Csf22] [0]
[0] [As32] [A
s
33] [0] −[Csf32] [0]
[0] −[Cfs12] [0] [Af11] [Af12] [0]
[0] −[Cfs22] −[Cfs23] [Af21] [Af22] [0]
[0] [0] [0] [0] [0] [I]
⎤⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
{us1}
{us2}
{us3}
{p1}
{p2}
{p3}
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
=
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
{ui}
−[As21]{ui}+ [Csf23]{pi}
([Csf33] + (−1 + S˜)[Qp]){pi}
([Cfs11] + S˜[Q
v]){ui}
[Cfs21]{ui}− [Af23]{pi}
{pi}
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(2.305)
??????????????????????????????????????????????
????????????? [I]????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????? (LU??????)?????????????????????????
?????????
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2.7 ???????????
2.7.1 ????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????
???
1
ρω2
(∫
Ω
(∇δp ·∇p)dV − k2
∫
Ω
δppdV
)
− 1
ρω2
∫
Γ
δp
∂p
∂n
dS︸ ︷︷ ︸
=Ia
= 0 (2.15 ′)
??????? ∫
Ω
δεE : σEdV − ρEω2
∫
Ω
δu · udV −
∫
Γ
δu · (σE · n)dS︸ ︷︷ ︸
=IE
= 0 (2.113 ′)
?????∫
Γ
∑
α
∑
β
(
∂2δw
∂αβ
Mαβ
)
dS − hρpω2
∫
Γ
δwwdS −
∫
Γ
δwfzdS︸ ︷︷ ︸
=IPLn
−
(
−z
∫
Γ
∑
α
(
∂δw
∂α
fα
)
dS
)
︸ ︷︷ ︸
=IPLt
+
∫
∂Γ
∑
α
∑
β
(
δwnα
∂Mαβ
∂β
− ∂δw
∂α
nβMαβ
)
dL = 0 (2.158 ′)
?????
T
∫
Γ
∇mδum ·∇mumdS − ρmω2
∫
Γ
δumumdS
−
∫
Γ
δumfzdS︸ ︷︷ ︸
=Im
−T
∫
∂Γ
δum
∂um
∂n
dL = 0 (2.202 ′)
?????????? ∫
Ω
δεs : σs(us)dV − ρ˜sω2
∫
Ω
δus · usdV − γ˜
∫
Ω
δus ·∇pdV
−
∫
Γ
[
δus · (σt · n) + S˜(δus · n)p
]
dS︸ ︷︷ ︸
=Is
= 0 (2.256 ′)
φ2
ρ˜22ω2
∫
Ω
∇δp ·∇pdV − φ
2
R˜
∫
Ω
δp · pdV − γ˜
∫
Ω
∇δp · udV
−
∫
Γ
[
δp · φ (ufn − usn)+ S˜δp · usn] dS︸ ︷︷ ︸
=If
= 0 (2.261 ′)
70 ? 2? ?????????
2.7.2 ???-??????
??-?????????
Ωa
ΩE
Γ
IF
n
Fig. 2.15: The notation on the acoustic elastic coupling probrem.
???????????????????????-????????????-??????????
????????????? ⎧⎪⎨⎪⎩
σE · n = −pn (2.306)
1
ρω2
∂p
∂n
= u · n (2.307)
????Eq.(2.15 ′),(2.113 ′)?????????????????????????????????
???????????????????????????????????????????????
??????????????????Eq.(2.15 ′)???? Eq.(2.307)???????????????
?????????????????
Ia =
1
ρω2
∑
e∈Γ
∫
Γe
δp
∂p
∂n
dS
=
∑
e∈Γ
∫
Γe
δpu · ndS
=
∑
e∈Γ
{δpe}T
∫
Γe
{N}T · n · [N]dS{ue}
=
∑
e∈Γ
{δpe}T [QaEe ]{ue}
= {δp}T [QaE]{u} (2.308)
????????????? [QaEe ]??????????? [Q
aE]??????????
[QaEe ] =
∫
Γe
{N}T · n · [N]dS (2.309)
[QaE] =
∑
e∈Γ
[Q′aEe ] (2.310)
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???Eq.(2.306)? Eq.(2.113 ′)???????????????????????????????
IE = −
∑
e∈Γ
∫
Γe
δu · pnEdS
=
∑
e∈Γ
∫
Γe
δu · pnadS
=
∑
e∈Γ
{δue}T
∫
Γe
[N]T · naT · {N}dS{pe}
=
∑
e∈Γ
{δue}T [QEae ]{pe}
= {δu}T [QEa]{p} (2.311)
????nE,na ???????????????????????????????????????
?? [QEae ],?????????? [QEa]??????????
[QEae ] =
∫
Γe
[N]T · naT · {N}dS (2.312)
[QEa] =
∑
e∈Γ
[Q′sae ] (2.313)
??????????????????????????????????????????????
????,???????????????????⎡⎣ 1ρω2 ([Ka]− k2[Ma] + jk[Ca]) −[QaE]
−[QEa] [KE]− ω2[ME]
⎤⎦{{p}{u}
}
=
⎧⎨⎩−
1
jω
[Qa]{vf}
[QE]{f s}
⎫⎬⎭ (2.314)
?????????? Eq.(2.309)? Eq.(2.312)???????[QEae ] = [QaEe ]T ??????????
??????????????????? [QEa] = [QaE]T ????Eq.(2.314)???????????
??????
72 ? 2? ?????????
??-???????
Γ
P
n
P
n
a1
n
a2
Ωa1
Ωa2
Fig. 2.16: The notation on the acoustic plate coupling probrem.
?????????????????????-????????????-????????????
??????????? ⎧⎪⎪⎨⎪⎪⎩
fα = 0, (α = x, y) (2.315)
fz = ±p (2.316)
1
ρω2
∂p
∂n
= ±w (2.317)
????????????????????????????????-??????????????
???-???????????????????????????????????????????
????????????????????????????????Eq.(2.15 ′)???? Eq.(2.317)?
???????????????????????????????
Ia =
1
ρω2
∑
e∈ΓP
∫
ΓPe
δp
∂p
∂n
dS
= ±
∑
e∈ΓP
∫
ΓPe
δpwdS
= ±
∑
e∈ΓP
{δpe}T
∫
ΓPe
{N}T [Np]dS{we}
= ±
∑
e∈ΓP
{δpe}T [Qape ]{we}
= ±{δp}T [Qap]{w} (2.318)
????????????????? [Qape ]??????????? [Q
ap]??????????
[Qape ] =
∫
ΓPe
{N}T [Np]dS (2.319)
[Qap] =
∑
e∈ΓP
[Q′ape ] (2.320)
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Eq.(2.315)???IPLt = 0???????Eq.(2.316)? Eq.(2.158 ′)???????????????
????????????????
IPLn =
∑
e∈ΓP
∫
ΓPe
δwfzdS
= ±
∑
e∈ΓP
∫
ΓPe
δwpdS
= ±
∑
e∈ΓP
{δwe}T
∫
ΓPe
{Np}T {N}dS{pe}
= ±
∑
e∈ΓP
{δwe}T [Qpae ]{pe}
= ±{δw}T [Qpa]{p} (2.321)
?????????? [Qpae ],?????????? [Qpa]??????????
[Qpae ] =
∫
ΓPe
[Np]T {N}dS (2.322)
[Qpa] =
∑
e∈ΓP
[Q′pae ] (2.323)
??????????????????????????????????????????????
????,???????????????????⎡⎣ 1ρω2 ([Ka]− k2[Ma] + jk[Ca]) −[Qap]
−[Qpa] [Kp]− ω2[Mp]
⎤⎦{{p}{w}
}
=
⎧⎨⎩−
1
jω
[Qa]{vf}
[Qp]{fp}
⎫⎬⎭ (2.324)
?????????? Eq.(2.319)? Eq.(2.322)???????[Qpae ] = [Qape ]T ??????????
??????????????????? [Qpa] = [Qap]T ????Eq.(2.324)???????????
??????
?????? 1-????-?? 2???????????????????????????????
?????? ⎡⎣ [Aa1 ] −[Qa1p] [0]−[Qpa1 ] [Ap] [Qpa2 ]
[0] [Qa2p] [Aa2 ]
⎤⎦⎧⎨⎩{p
1}
{w}
{p2}
⎫⎬⎭ =
⎧⎪⎪⎨⎪⎪⎩
− 1
jω
[Qa1 ]{vf1}
[Qp]{fp}
− 1jω [Qa2 ]{vf2}
⎫⎪⎪⎬⎪⎪⎭ (2.325)
????[Aa] = 1ρω2 ([K
a]− ω2[Ma] + jk[Ca])?[Ap] = [Kp]− ω2[Mp]????
74 ? 2? ?????????
??-???????
Ωa1
Ωa2
Γ
M
n
M
n
a1
n
a2
Fig. 2.17: The notation on the acoustic membrane coupling probrem.
?????????????????????-????????????-????????????
??????????? ⎧⎨⎩
fz = ±p (2.326)
1
ρω2
∂p
∂n
= ±um (2.327)
??-??????????-?????????????????????????????????
???????Fig.2.17???????? 1-????-?? 2???????????????????
?????? ⎡⎣ [Aa1 ] −[Qa1m] [0]−[Qma1 ] [Am] [Qma2 ]
[0] [Qa2m] [Aa2 ]
⎤⎦⎧⎨⎩{p
1}
{um}
{p2}
⎫⎬⎭ =
⎧⎪⎪⎨⎪⎪⎩
− 1
jω
[Qa1 ]{vf1}
[Qm]{fm}
− 1jω [Qa2 ]{vf2}
⎫⎪⎪⎬⎪⎪⎭ (2.328)
????[Aa] = 1ρω2 ([K
a]− ω2[Ma] + jk[Ca])?[Am] = [Km]− ω2[Mm]???? [Am] = −ω2[Mm]?
??????[Qam], [Qma]?????????????
[Qame ] =
∫
ΓMe
{N}T [Nm]dS, [Qam] =
∑
e∈ΓM
[Q′ame ] (2.329)
[Qmae ] =
∫
ΓMe
[Nm]T {N}dS, [Qma] =
∑
e∈ΓM
[Q′mae ] (2.330)
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??-????????????
Ωa
ΩPE
Γ
IF
n
Fig. 2.18: The notation on the acoustic poroelastic coupling probrem.
??-????????????????????????????????????⎧⎪⎪⎪⎨⎪⎪⎪⎩
σt · n = −pan (2.331)
p = pa (2.332)
(1− φ)usn + φufn =
1
ρω2
∂pa
∂n
(= ua) (2.333)
??????????????????????????????????????????????
???????????????????????????????????????????????
???????Is ?? If + Ia ???????????Eq.(2.331), (2.332)?? Is ??????????
???
Is =
∑
e∈ΓIF
∫
ΓIFe
[
δus · (σt · n) + S˜(δus · n)p
]
dS
= (−1 + S˜)
∑
e∈ΓIF
∫
ΓIFe
(δus · n)padS
= (−1 + S˜)
∑
e∈ΓIF
{δuse}T
∫
ΓIFe
[Ns]T · {n}T · {N}dS{pae}
=
∑
e∈ΓIF
{δuse}T [Qsae ]{pae}
= {δus}T [Qsa]{pa} (2.334)
????????????? [Qsae ]??????????? [Q
sa]??????????
[Qsae ] = (−1 + S˜)
∫
ΓIFe
[Ns]T · n · {N}dS (2.335)
[Qsa] =
∑
e∈ΓIF
[Q′sae ] (2.336)
76 ? 2? ?????????
????If + Ia ? Eq.(2.332), (2.333)??????????????
If + Ia =
∑
e∈ΓIF
∫
ΓIFe
[
−δp · φ (ufn − usn)− S˜δp · usn + 1ρω2 δpa ∂pa∂n
]
dS
= −(−1 + S˜)
∑
e∈ΓIF
∫
ΓIFe
δpa(us · n)dS
= −(−1 + S˜)
∑
e∈ΓIF
{δpae}T
∫
ΓIFe
[Na]T {n}[Ns]dS{use}
=
∑
e∈ΓIF
{δpae}T [Qfae ]{use}
= {δpa}T [Qfa]{us} (2.337)
????????????? [Qfae ]??????????? [Q
fa]??????????
[Qfae ] = −(−1 + S˜)
∫
ΓIFe
[Na]T · n · [Ns]dS (2.338)
[Qfa] =
∑
e∈ΓIF
[Q′fae ] (2.339)
?????????????????????????????⎡⎢⎢⎢⎢⎢⎢⎣
[AsFF] [A
s
FC] −[CsfFF] −[CsfFC] [0] [0]
[AsCF] [A
s
CC] −[CsfCF] −[CsfCC] [0] [0]
−[CfsFF] −[CfsFC] [AfFF] [AfFC] [0] [0]
−[CfsCF] −[CfsCC] [AfCF] [AfCC] [0] [0]
[0] [0] [0] [0] [AaFF] [A
a
FC]
[0] [0] [0] [0] [AaCF] [A
a
CC]
⎤⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
{usF}
{usC}
{pF}
{pC}
{paF}
{paC}
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(2.340)
????Kb ≪ Ks ????Is = 0?? If + Ia = 0???????????????????????
? [Qsa], [Qfa]????????????????????????????????????????
???????????????????????????????????????
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2.7.3 ???-??????
??????-?????????
ΩE1
ΩE2
Γ
IF
n
Fig. 2.19: The notation on the elastic elastic coupling probrem.
????????????????????????????????????????????
??? {
σE1 · n = σE2 · n (2.341)
uE1 = uE2 (2.342)
??????????????????????????????????????????????
????? 1?? 2????????????? I1, I2 ???????????
I1 + I2 =
∫
Γ
δuE1 · σE1 · nE1dS +
∫
Γ
δuE2 · σE2 · nE2dS
=
∫
Γ
(δuE1 · σE1 · nE1 + δuE2 · σE2 · nE2)dS
=
∫
Γ
(δuE1 · σE1 · nE1 − δuE2 · σE2 · nE1)dS (2.343)
??????? Eq.(2.341)?? Eq.(2.342)?????? I1 + I2 = 0???????????????
????????????????????????????????????? Eq.(2.342)?????
???????????????????????????????⎡⎣[AE1CC] [AE1CF] [0][AE1FC] [AE1FF] + [AE2FF] [AE2FC]
[0] [AE2CF] [A
E2
CC]
⎤⎦⎧⎨⎩ {u
E1}
{uE12}
{uE2}
⎫⎬⎭ =
⎧⎨⎩[Q
E1]{fE1}
{0}
[QE2]{fE2}
⎫⎬⎭ (2.344)
????[AE] = [KE]− ω2[ME]????
??????-???????
?????????????????????????????????????????????
???????????????????????????????????????
−σE · nE = {fx, fy, fz} (2.345)
78 ? 2? ?????????
????????????????????????????????????????????⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
uEx = −z
∂w
∂x
, (= zθy)
uEy = −z
∂w
∂y
, (= −zθx) (2.346)
uEz = w
Fig.2.20??????????????????????????????????????????
?????????????????? IE, IPLn , IPLt ???????
IE + IPLn + IPLt =
∫
Γ
δuE · (σE · nE)dS +
∫
Γ
δwfzdS − z
∫
Γ
∑
α
(
∂δw
∂α
fα
)
dS
=
∫
Γ
{−z ∂δw
∂x
,−z ∂δw
∂y
, δw} · {−fx,−fy,−fz}dS
+
∫
Γ
δwfzdS − z
∫
Γ
(
∂δw
∂x
fx +
∂δw
∂y
fy
)
dS
= 0
??????????????????????????????????????????????
???????????????????????? Eq.(2.346)??????????????????
?? z = −h/2,?????????????? z = h/2?????????????????????
?????????????????????????
????Fig.2.21 ????????????-?????????????????????????
(z = −h/2)??????????????????????????????????????⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
[AEuu]
[
[AEuux ] [A
E
uuy ] [A
E
uuz ]
] [
[0] [0] [0]
]⎡⎣[AEuxu][AEuyu]
[AEuzu]
⎤⎦ ⎡⎣[AEuxux ] [AEuxuy ] [AEuxuz ][AEuyux ] [AEuyuy ] [AEuyuz ]
[AEuzux ] [A
E
uzuy ] [A
E
uzuz ]
⎤⎦ ⎡⎣[0] [0] [0][0] [0] [0]
[0] [0] [0]
⎤⎦
⎡⎣[0][0]
[0]
⎤⎦ ⎡⎣[0] [0] [0][0] [0] [0]
[0] [0] [0]
⎤⎦ ⎡⎣ [APww] [APwθx ] [APwθy ][APθxw] [APθxθx ] [APθxθy ]
[APθyw] [A
P
θyθx ] [A
P
θyθy ]
⎤⎦
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
{
u
}⎧⎨⎩uxuy
uz
⎫⎬⎭⎧⎨⎩wθx
θy
⎫⎬⎭
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
(2.347)
Γ
P
n
P
n
E1
n
E2
ΩE1
ΩE2
Fig. 2.20: The notation on the elastic plate coupling probrem.
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???????????????????????????????⎡⎢⎢⎢⎣
[AEu ] [A
E
uuz ]
h
2 [A
E
uuy ] −h2 [AEuux ]
[AEuzu] [A
E
uzuz ] + [A
P
ww]
h
2 [A
E
uzuy ] + [A
P
wθx ] −h2 [AEuzux ] + [APwθy ]
h
2 [A
E
uyu]
h
2 [A
E
uyuz ] + [A
P
θxw]
h2
4 [A
E
uyuy ] + [A
P
θxθx ] −h
2
4 [A
E
uyux ] + [A
P
θxθy ]
−h2 [AEuxu] −h2 [AEuxuz ] + [APθyw] −h
2
4 [A
E
uxuy ] + [A
P
θyθx ]
h2
4 [A
E
uxux ] + [A
P
θyθy ]
⎤⎥⎥⎥⎦
⎧⎪⎨⎪⎩
{
u
}⎧⎨⎩wθx
θy
⎫⎬⎭
⎫⎪⎬⎪⎭ (2.348)
Plate vibration field
Elastic body vibration field
Field Definition
Classification of Element Matrices
h
n
Fig. 2.21: A model case of the coupling between plate and three dimensional elastic body vibration fields.
80 ? 2? ?????????
????????????????????
??????????????????????????????????????????????
?????????????
1. ???????????????????
2. ?????????????????????? (Fig.2.22)
??????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
Rong???????????? [53]??????????????????????????????
???????????????????????????????????????????????
????????
??????????????????????????????????????????????
???????????????????????????????????????????????
??????????
n
uE
σE
uf
usσtpA+
∂p
∂n
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pA-
p
∂p
∂n
A-
ε
Frame
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Air Gap
PoroelasticElastic
(a) Poroelastic - Elastic:?Γ PAE (b) Poroelastic - Poroelastic:?Γ PAP
n
u f22
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∂n
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pA-
puf11
us1σt1
p
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A-
ε
Poroelastic 1 Poroelastic 2
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n
uf
m
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p
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Fig. 2.22: Wave propagation across thin air gap between a poroelastic material and another vibrating material.
Fig.2.22?????????? ε???????????????????????????????
????????????????????⎧⎨⎩p
a− ≈ pa+
∂pa−
∂n
≈ ∂p
a+
∂n
(2.349)
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??????-????????????
ΩE
ΩPE
ΓIF
n
n
uE
σE
uf
usσtpA+
∂p
∂n
A+
pA-
p
∂p
∂n
A-
ε
Frame
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PoroelasticElastic
n
uE
σE
uf
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p
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Out-of-contact In-contact
Continuity Condition
Fig. 2.23: The notation on the elastic-poroelastic coupling problem.
??????-??????????????????????? Is, IE ????? If ????
Is + IE =
∫
Γ
[
δus · (σt · n) + S˜(δus · n)p
]
dS +
∫
Γ
δuE · (σE · nE)dS
If =
∫
Γ
[
δp · φ (ufn − usn)+ δp · S˜usn] dS
????? ???-?????????????????????????????????????
????????????? ⎧⎪⎨⎪⎩
σt · n = σE · n (2.350)
us = uE (2.351)
ufn − usn = 0 (2.352)
Eq.(2.350),(2.351)?? Is + IE ?????????????
Is + IE = S˜
∫
Γ
(δus · n)pdS (2.353)
???Eq.(2.352)???If ?????????????
If = S˜
∫
Γ
δp(us · n)dS (2.354)
?????? ???-????????????????????????????????????
??????????????? ⎧⎪⎪⎨⎪⎪⎩
σt · n = −pn (2.355)
σE · n = −pn (2.356)
(1− φ)usn + φufn = uEn (2.357)
82 ? 2? ?????????
Is + IE = (−1 + S˜)
∫
Γ
(δus · n)pdS +
∫
Γ
δuE · npdS
If = (−1 + S˜)
∫
Γ
δpusndS +
∫
Γ
δp · uEndS
????Kb ≪ Ks ????????????????????????
Is + IE =
∫
Γ
δuE · npdS
If =
∫
Γ
δp · uEndS
????????-????????????????????
????-????????????
ΩPE
ΩPE
ΓPlt
n
Out-of-contact In-contact
Continuity Condition
n
uf
usσtpA+
∂p
∂n
A+
pA-
p
∂p
∂n
A-
ε
Frame
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PoroelasticPlate
fz
n
uf
usσt
p
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PoroelasticPlate
fzfx fy{ }
{ }xθ yθ
Fig. 2.24: The notation on the plate-poroelastic coupling problem.
????-??????????????????????? Is, IPLn , IPLt ????? If ????
Is + IPLn + IPLt =
∫
Γ
[
δus · (σt · n) + S˜(δus · n)p
]
dS
+
∫
Γ
δwfzdS − z
∫
Γ
∑
α
(
∂δw
∂α
fα
)
dS
If =
∫
Γ
[
δp · φ (ufn − usn)+ δp · S˜usn] dS
????? ????-????????????????????????????????????
??????????????
⎧⎪⎪⎪⎨⎪⎪⎪⎩
−σt · n = {fx, fy, fz} (2.358)
us = {−z ∂w
∂x
,−z ∂w
∂x
,w} (2.359)
ufn − usn = 0 (2.360)
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?????????????????????? Is + IPLn + IPLt ??????????????? If
???????????????
Is + IPLn + IPLt = S˜
∫
Γ
δwpdS
If = S˜
∫
Γ
δpwdS
?????? ????-???????????????????????????????????
???????????????? ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
σt · n = −pn (2.361)
fα = 0, (α = x, y) (2.362)
fz = ±p (2.363)
(1− φ)usn + φufn = ±w (2.364)
?????????????????????? Is + IPLn + IPLt ??????????????? If
???????????????
Is + IPLn + IPLt = (−1 + S˜)
∫
Γ
(δus · n)pdS ±
∫
Γ
δwpdS
If = (−1 + S˜)
∫
Γ
δpusndS ±
∫
Γ
δpwdS
????Kb ≪ Ks ????????????????????????
Is + IPLn + IPLt = ±
∫
Γ
δwpdS
If = ±
∫
Γ
δpwdS
????????-????????????????????
????-????????????
????-??????????????????????? Is, IM ????? If ????
Is + IM =
∫
Γ
[
δus · (σt · n) + S˜(δus · n)p
]
dS +
∫
Γ
δumfzdS
If =
∫
Γ
[
δp · φ (ufn − usn)+ δp · S˜usn] dS
84 ? 2? ?????????
ΩPE
ΩPE
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n
uf
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n
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p
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Fig. 2.25: The notation on the membrane-poroelastic coupling problem.
????? ????-????????????????????????????????????
?????????????? ⎧⎪⎨⎪⎩
−σt · n = {0, 0, fz} (2.365)
us · n = um (2.366)
ufn − usn = 0 (2.367)
?????????????????????? Is + IM ??????????????? If ????
???????????
Is + IM = S˜
∫
Γ
δumpdS
If = S˜
∫
Γ
δpumdS
?????? ????-???????????????????????????????????
???????????????? ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
σt · n = −pn (2.368)
fα = 0, (α = x, y) (2.369)
fz = ±p (2.370)
(1− φ)usn + φufn = ±um (2.371)
?????????????????????? Is + IM ??????????????? If ????
???????????
Is + IM = (−1 + S˜)
∫
Γ
(δus · n)pdS ±
∫
Γ
δumpdS
If = (−1 + S˜)
∫
Γ
δpusndS ±
∫
Γ
δpumdS
????Kb ≪ Ks ????????????????????????
Is + IM = ±
∫
Γ
δumpdS
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If = ±
∫
Γ
δpumdS
????????-????????????????????
?????????-????????????
ΩPE1
ΩPE2
ΓIF
n
Out-of-contact In-contact
Continuity Condition
n
u f22
us2σt2pA+
∂p
∂n
A+
pA-
puf11
us1σt1
p
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Poroelastic 1 Poroelastic 2
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n
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Poroelastic 1 Poroelastic 2
Fig. 2.26: The notation on the poroelastic-poroelastic coupling problem.
??????-?????????????????????????????Is1, Is2 ?? If1, If2 ??
??
Is1 + Is2 =
∫
Γ
[
δus1 · (σt1 · n1) + S˜1(δus1 · n1)p1
]
dS +
∫
Γ
[
δus2 · (σt2 · n2) + S˜2(δus2 · n2)p2
]
dS
If1 + If2 =
∫
Γ
[
δp1 · φ1
(
uf1n1 − us1n1
)
+ δp1 · S˜1us1n1
]
dS +
∫
Γ
[
δp2 · φ2
(
uf2n − us2n2
)
+ δp2 · S˜2us2n2
]
dS
????? ?????????-???????????????????????????????
???????????????????⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
σt1 · n = σt2 · n (2.372)
p1 = p2 (2.373)
us1 = us2 (2.374)
(1− φ1)us1n + φ1uf1n = (1− φ2)us2n + φ2uf2n (2.375)
?????????????????????? Is1 + Is2 ??????????????? If1 + If2 ?
??????????????
Is1 + Is2 = (S˜1 − S˜2)
∫
Γ
(δus1 · n1)p1dS
If1 + If2 = (S˜1 − S˜2)
∫
Γ
δp1 · us1n1dS
????Kb ≪ Ks ?????????????? 0??????????????????????
???????
86 ? 2? ?????????
?????? ?????????-??????????????????????????????
?????????????????????⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
σt1 · n = −p1n (2.376)
σt2 · n = −p2n (2.377)
p1 = p2 (2.378)
(1− φ1)us1n + φ1uf1n = (1− φ2)us2n + φ2uf2n (2.379)
?????????????????????? Is1 + Is2 ??????????????? If1 + If2 ?
??????????????
Is1 + Is2 = (−1 + S˜1)
∫
Γ
(δus1 · n1)p1dS + (−1 + S˜2)
∫
Γ
(δus2 · n2)p2dS
If1 + If2 = (−1 + S˜1)
∫
Γ
δp1(u
s1 · n1)dS + (−1 + S˜2)
∫
Γ
δp2(u
s2 · n2)dS
????Kb ≪ Ks ?????????????? 0???????????????????????
???
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? 3?
???????????????
3.1 ??
??????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????JIS, ISO??????????????
???? [124]????????????????????????????????????????
???????????????????????????????????????????????
???????
??????????????????????????????????????????????
?????????? Fig.3.1??? 3?????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????JIS, ISO????
???????????????????????????????????????????????
????????????????????????????????????? Biot???????
???????????????????????????????????????????????
??????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
88 ? 3? ???????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????
Fixed Sliding Gap
Deformation in Equivalent Infinite Field
Single Layer Porous Material 
In-tube Configuration
?Absorption Coefficient
?Transmission Loss
Membrane-Covered Porous Material 
?Absorption Coefficient
?Transmission Loss
§3.3.1 §3.3.2
§3.5.1 §3.5.2
§3.4.1 §3.4.2
§3.6.1 §3.6.2
§3.2
§3.2
Fig. 3.1: Three physical conditions between the tube and the material and the deformations in the equivalent
infinite field under the conditions.
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3.1.1 ?????????????????????????
?????????????
Biot????????????????????????????Kang et al.???????????
?????? (????)???????????????????????????????????
?????????????? [29]???????????????????????????????
???????????????????????????? Vigran et al.?????????????
??????????????????????????????????????????????
[72]?????????????????????????????????????????????
????????????????????????????????????????????Song
et al.????????????????????????????????????????????
???????????? [63]?????????????????????????????????
???????????????????????????????????????????????
????????????????????????????
??????????????????????????????????????????????
?????????????????????????? [83, 112]????????????????
???????????????????????????????????????????????
???????????????? et al.????????????????????????????
???????????????????????????????????????????????
??????????????? [84]?
????????????????????Pilon et al. ???????????? Frame Acoustical
Excitability(FAE)???????????? [47]?
FAE =
σEt2
ρ2bR
2
[W/kg] (3.1)
????? 3?????????????????????? (σ/ρb)???????????????
??? E/ρb?????? t??????????? R???? t/R??????????Pilon et al.?
??????????????????????????? αm ?????????????? αth ??
??????FAE????????????????????
FAE < 1 [MW/kg]→ αm = αth
1 <FAE < 2 [MW/kg]→ αm ≈ αth (3.2)
FAE > 2 [MW/kg]→ αm ̸= αth
??????????????????????????????????????????????
???????????????????????????????????????????????
??? (????)??????????????????????????????????????
???????????????????????????????????????????????
???????????? et al.????????????????????????????????
90 ? 3? ???????????????
???????????????????????????????????????????????
???????????????????
?????????????????????????????????????????
• ?????????????????????????????????????
• ??????????????????????????????
• ???????????????????????????????????????
?????????????
?????????????????????????Cummings????????????????
?????????????????? [15]?
1. ?????????????? p???????(????????)
2. ??????????? ⟨u⟩ ??????????????? (ua, um) ??????????
⟨u⟩ = εua + (1− ε)um ????????? ε =(????)/(????)????
3. ?????????? zsurf = p/⟨u⟩??????
??????????????????????????????????????????????
???????????????????????????Pilon et al.??? [48]?????????
????? Double Porosity[44]????????????????????????????????
????Double Porosity???????????????????????????????????
?????????????????????????????? microporosity, Macro-(meso-)porosity
?????????????????? Macroporosity ?????????????????????
??Cummings????????????????????????????????????????
???microporosity?????????????????????????????????????
???????????????????????
???? Pilon et al. ? Fig. 3.2 ????????
?????????? Double porosity??????
????????????? permeability ratio??
?????????? [48]?
Πsm
Πs
=
σφmR2m
8η
(3.3)
Πsm,Πs??????????????macroporosity
??????? (static viscous permeability)????
??????????????Cummings?????
???????????Double porosity?????
???????????Rm ??????????
??????????????????? t???
r
R
t
Porous Material
Air Gap
Fig. 3.2: Material and peripheral gap condition.
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? R ?? Rm =
√
2Rt− t2 ???????? φm ? macroporosity ????φm = (R2 − r2)/R2 ??
???????? permeability ratio???????????????????????????????
?????????Biot???????????????????????????? αm ??????
???????? αth ?????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????????????????
• ????????????????????????????????????????
• ????????????????????????????????
92 ? 3? ???????????????
3.1.2 ????????
4???????????????????
Vibrating Absorbing
Incidence : A Reflected : B Transmitted : C Reflected : D
Incidence Side Sample Transmission Side
-x
ΔX
1 -x O2 x3 x
x
4
i ΔX t
Fig. 3.3: Configuration for the transfer function method to identify the material properties.
??????????? 0??????????????????????????????????
???????????????????????? p1 ∼ p4 ???????????????????
??? {
p1 = Ae−jk(−x1) +Bejk(−x1)
p2 = Ae−jk(−x2) +Bejk(−x2)
(p ∈ Incidence Side) (3.4){
p3 = Ce−jk(x3) +Dejk(x3)
p4 = Ce−jk(x4) +Dejk(x4)
(p ∈ Transmission Side) (3.5)
??????????? 2??????????????????????????????????
????????????{
A = (p1e−jkx2 − p2e−jkx1)/2j sin k∆Xi
B = (p2ejkx1 − p1ejkx2)/2j sin k∆Xi
{
C = (p3ejkx4 − p4ejkx3)/2j sin k∆Xt
D = (p4ejkx3 − p3ejkx4)/2j sin k∆Xt
?????????? A?????? B?????? C ????????? rn???????? Tn?
??????? αn????????? Rn ?????????????
rn =
B
A
=
p2ejkx1 − p1ejkx2
p1e−jkx2 − p2e−jkx1 (3.6)
Tn =
C
A
=
p3ejkx4 − p4ejkx3
p1e−jkx2 − p2e−jkx1
sin k∆Xt
sin k∆Xi
(3.7)
αn = 1− |rn|2 (3.8)
Rn = 10 log10(1/|Tn|2) (3.9)
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???????
????????? 2????????????????????????????????????
????? 1?????????????????????????????????????????
??????????????
f1ul =
{
0.58c0/R , for cylindrical tube
0.50c0/L , for rectangular tube
(3.10)
????R???????L?????????????????????????????????
???????????????????????????????????????????????
????????????????? ∆X ???????????????????
f2ul = 0.50c0/∆X (3.11)
f1ul, f
2
ul ???????????????????????????????????????????
???????????????????????????????f2ul ? f
1
ul ????????????
94 ? 3? ???????????????
3.1.3 ??????????????????
???????????????
Zwikker & Kosten??? [77]????????????????????????????????
????????????????? jωρb ?????? φ2σ ???????????????????
?????????????????????????
fd =
1
2π
φ2σ
ρb
(3.12)
?????????????? fd ??????????????????????????????
???????????????????????????????????????????????
??Biot??? Zwikker & Kosten???????????????????????????????
???? fd ? Biot????????????????????
????????????????
?????????????????????????????????????????????
?????? 1/4??????? t???????????????????????
fres =
1
4t
√
E
ρb
(3.13)
???????????????????????? fres ????????? [3]?
JCA Model??????????????
??????????????????????????????JCA Model??????????
??????????????????????????JCA Model???????????????
???????????????????
ρ˜f =
ρ0α∞
φ
(
1 +
σφ
jωα∞ρ0
√
1 + jω
4ηα2∞ρ0
φ2Λ2σ2
)
(3.14)
=
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
ρ0α∞
φ
(
1 +
2α∞η
φσΛ2
)
+ ρ0α∞
σ
jω
, ω → 0
ρ0α∞
φ
(
1 +
dv
Λ
)
− j ρ0α∞
φ
dv
Λ
, ω →∞
(3.15)
????dv ???????????dv =
√
2η/ρ0ω ??????????????????????
???????????????????????????????????????????????
???????????????????????
fvl =
1
4πρ0η
(
φΛσ
α∞
)2
(3.16)
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fvl ????????????? Eq.(3.15)??????????1/jω ??????????????
????????????????????????
ρ0
∂v
∂t
+
∂p
∂x
= 0→ ρ0α∞
φ
(
1 +
2α∞η
φσΛ2
)
∂v
∂t
+ (ρ0α∞σ)v +
∂p
∂x
= 0 (3.17)
JCA Model?????????????????
?????????????????????????????????????JCA Model???
?????????????????????????????????JCA Model????????
????????????????
K˜f =
γP0
φ
⎡⎣γ − (γ − 1)[1 + 8η
jωρ0Λ′2NPr
√
1 + jω
ρ0Λ′2NPr
16η
]−1⎤⎦−1 (3.18)
=
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
γP0
φ
[
γ − jω (γ − 1)ρ0NPrΛ
′2
8η
]−1
, ω → 0
γP0
φ
[
1 +
(γ − 1)dt
Λ′
− j (γ − 1)dt
Λ′
]−1
, ω →∞
(3.19)
????dt ????????????dt =
√
2η/ρ0NPrω ????????????????????
???????????????????????????????????????????????
????????????????
ftlr =
η
ρ0NPrωΛ′2
(3.20)
ftli = (16)
1/3 ftlr (3.21)
ftlr < ftli ??????ftlr ???????????????? Eq.(3.19)??????????jω ?
????????????????????????????????????
1
K0
∂p
∂t
+
∂v
∂x
= 0→ φ
P0
∂p
∂t
−
(
φ
γP0
(γ − 1)ρ0NPrΛ′2
8η
)
∂2p
∂t2
+
∂v
∂x
= 0 (3.22)
??????????????????? Eq.(3.17), (3.22)???????????????????
???????? Eq.(3.17), (3.22)???????? fvl, ftlr ????????
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3.2 ?????????????
??????????????????????????????????????????????
??????????????????????2????????????????????????
??? (TMM)????????????????????????????????? 5.2?????
????????????????????? 1/12 oct?????????????
?????????
?????????????????????????????????????? Fig.3.4 ????
??????????????????? (30[kg/m2]) ?????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????
frl =
1
2t
√
λE + 2µE
ρE
? (3.23)
????λE, µE ????? 1?? 2???????????????? TMM??????????FEM
? TMM ?????????????????????????????????????????
???
Fig.3.4???????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????? 0.05m??????????????????
???????????????????????????????????????????????
?????????????? [98]??????????????????? [68]?????????
? Fig.3.5????
fmn =
π
2
√
Et2
12ρs(1− ν2)
(
m2
a2
+
n2
b2
)
(3.24)
??????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????
????(1,1)????????FEM?????????????????????????????
????????????????????????????FEM ????????????????
???????????????????????????????????????????????
?????????????????????????????
3.2 ????????????? 97
63 125 250 500 1000 2000
15
20
25
30
35
40
45
50
55
Frequency [Hz]
N
o
rm
al
−
In
c.
 
Tr
an
sm
iss
io
n
 L
o
ss
TMM(Elastic)
TMM(Membrane & Plate)
Membrane (ρ
m
 = 30[kg/m2])
Plate
Elastic
E = 6.0×106 [N/m2], ρ
s
 = 1200[kg/m3],
ν= 0.25 [], η= 0[], t =25 [mm]
f
rl
Fig. 3.4: Normal-incidence transmission losses for materials with the same area density.
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Fig. 3.5: Normal-incidence transmission losses for materials with simply-supported edges.
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Fig.3.6???????????????????????????????? I???????? I,II?
??????? II,III??????????????????????????⎡⎢⎢⎢⎢⎣
β0 −β0 0 0 0
e−jk0L1 ejk0L1 e−jkfL1 ejkfL1 0
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A5
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⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
v0
0
0
0
0
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ (3.25)
??????????? A1 ?????? A5 ????????? T ????????????
1
T
=
(
cos kfd+
j(β2f + β
2
0)
2βfβ0
sin kfd
)
e−jkd (3.26)
????ω → 0?????????kfd≪ 1?βf ≪ β0 ?????????????????????
???????????????????????
1
τ
≈
∣∣∣∣1 + j(β2f + β20)2βfβ0 kfd
∣∣∣∣2 (3.27)
≈
∣∣∣∣1 + jβ0kfd2βf
∣∣∣∣2
(
=
∣∣∣∣1 + jωρ˜f2ρ0c0
∣∣∣∣2
)
(3.28)
≈
∣∣∣∣1 + σd2ρ0c0
∣∣∣∣2 (3.29)
????????????????????????????? σd[Ns/m3]???????????
??????????
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Fig. 3.6: Configuration for the derivation of flow resistance control.
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Fig. 3.7: Normal-incidence transmission losses for poroelastic material.
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?????????????????????????????(b)????????????????
???????????????TMM????????? 0.1mm??????????????FEM,
TMM?????????????
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???? 50mm×50mm?????? 49mm×49mm?????????????????????
?? (a), (b) ???????????????????????????????????????
??????????????????????????????????????????????
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Fig. 3.8: Normal-incidence transmission losses for layered materials. Properties of poroelastic material and
other materials are same as those shown in Fig.3.7 and Fig.3.4 respectively.
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Fig. 3.9: Normal-incidence transmission losses for membrane-covered poroelastic materials with gap between
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Fig. 3.10: Distribution of the relative intensity level on the gap between the membrane and poroelastic mate-
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3.3 ?????????????
??????? ???????????????????? 3??????????????????
????3.1.1????????????????????????????????????????
???????????????????????????????????????????????
?????????????????? 96K,???????????????? 40K????????
?????????????? [135]? Tab.3.1?????????????????????????
JCA Model??????????
????????????? ????????? Fig.3.11????????????????????
?????? up????????????????????????????? 3???????? 0
??????? tm ? 12.5, 25.0, 50.0,100 mm? 4????????? ta ? 0(????????), 12.5,
25.0, 50.0 mm? 5??????????????? 27?????????????????????
???? 0.02 m,????????? 0.01 m????
Tab. 3.1: Default physical properties for the following calculations.
Property Name Dimension GW96K UF40K
Biot Parameter
Porosity [] 0.96 0.99
Tortuosity [] 1.07 1.6
Flow Resistivity [Ns/m4] 5.5×104 1.0×105
Viscous CL [µm] 50 10
Thermal CL [µm] 100 30
Elastic Parameter
Young’s Modulus [N/m2] 2.0×105 5.5×104
Loss Factor [] 0.24 0.15
Poisson’s Ratio [] 0 0.1
Bulk Density [kg/m3] 96 40
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Fig. 3.11: Calculation configuration for this section.
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3.3.1 ??????
?Frame Acoustically Excitability FAE ?????? L ??????????????????
req = L/
√
π ?????????????? req ??? FAE ??????
???????? frb ????????????????? (1,1)????????????????
???
frb =
πt
L2
√
E
12(1− ν2)ρb (3.30)
???????? frs ????????????????????????????????????
?????????????? (1,1)??????????????????????????????
??????
frs =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
cs
2
√
1
L21
+
1
L22
(3.31a)
0.38274
cs
a
(3.31b)
cs ???????????cs =
√
N/ρb ????Eq.(3.31a)??????? L1, L2 ?????????
Eq.(3.31b)??? a????????????
?????? 3???????
Tab. 3.2: Key values for the poroelastic material in this study.
Material Thickness [mm] FAE [MW/kg] frb [Hz] frs [Hz]
GW96K
12.5 0.23 207
456
25.0 0.93 414
50.0 3.7 828
100 15 1656
UF40K
12.5 0.67 169
354
25.0 2.7 338
50.0 11 676
100 43 1352
3.3 ????????????? 105
?????????
Fig. 3.12, 3.13?????????????????????????????????
?????????? ??????????????????? GW, UF?????????????
? frl ?????????????????????????????????????????? frl
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????
???????? ???????????????????????????????? Helmholtz?
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????????????UF?????
???????????????? (?????????????)????????????????
?????????????????????????????????
??????????????????????????????????????????????
????????????????????????????????
?????????????????????????????? FAE ? 1 ??????????
??????????????????????FAE ??????????????????????
????????????????????????????????
?????????? ???? 12.5, 25.0 mm????GW, UF?? Tab.3.2???????????
???????????????????????????????????????????????
??????????????????????????????????? frs ??????????
? 100 mm ??????????????GW,UF ???? frs ??????????????????
??????? [84]?????????????????????????????????????
???????????????????????????????????????????????
?????????? frs ?????????????????????
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Fig. 3.12: Normal-incidence absorption coefficients calculated for GW96K. Theoretical values are shown on
the left column, and computational ones are on the right. Dotted lines are values by rigid frame model.
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Fig. 3.13: Normal-incidence absorption coefficients calculated for UF40K. Theoretical values are shown on
the left column, and computational ones are on the right. Dotted lines are values by rigid frame model.
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?????????
??????????????? (???)??????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????
?????????????????? ?????? Eeq ???????????????????
???????????????????????????????????????????????
???????????????? [133]????????? CF ????????????αF,i,αT,i
??????????????????????????????????????????????
???????N ????????????????????? 63∼2000 Hz ? 1/12 oct. ?????
????????N = 61????E()????????V ()???????????????????
???????????????????????????????????????????????
???????????????? Y ?????????????????????????????
????
Xi = αF,i − αT,i(Eeq) , (i = 1, . . . , N) (3.32)
Yi = Xi+1 −Xi , (i = 1, . . . , N − 1) (3.33)
CF = E(|X|)V (X)E(|Y|)V (Y) (3.34)
?????? Fig.3.14? GW96K??????????FEM??????????????????
????????????? TMM???????????????????????????????
????????????????????????Fig.3.14???????????????????
???? Etrue ??????? αMF = Eeq/Etrue ????????????????????????
?????? αMF ??????????????????????????????????????
????????????????????????????????????????
frl =
1
4t
√
EαMF
ρs
, fsl =
1√
2L
√
E
2(1 + ν)ρs
(3.35)
???????????????? α′MF ????????????
α′MF =
4
1 + ν
t2
L2
(3.36)
?????????????????? αMF ????????????????????????
?????????? x, y, z????????????? t????????? L????????MF
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? 1???????????????
α′′MF = 1 +
x
1 + yν
(
t
L
)z
(3.37)
??????? Table. 3.3??? 6??18?????????? 12.5, 25.0, 37.5, 50.0, 100 mm? 5?
???????????????? 25.0, 37.5, 50.0, 75.0, 100, 200mm? 6???? 540???????
???? αMF(t, L)??????????????????? Fig.3.15(a)?????????????
??????????????????????????????? ν???? t??? L??????
???????????????????????????????????????????????
????
???????? αMF(t, L)? Eq.(3.37)????????????????? x, y, z ???????
??????????????Nelder-Mead?????????????? [134]???????????
????????????Eq.(3.36)????????x = 4, y = 1, z = 2????
X(t, L) = αMF(t, L)− α′′MF(t, L) (3.38)
CF = E(|X|)V (X) (3.39)
????? x = 2.7786, y = 1.2901, z = 2.3889??????????????? α′′ ? Fig.3.15(b)??
???????????????????????????????????????????????
??????? Eq.(3.37)???????????????????????????????????
??????????
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Tab. 3.3: Physical properties for the equivalent Young’s Modulus calculations.
Property Name & Dimension GW96K HF50K RW120K UF40K UF25K UF30K
Porosity [] 0.96 0.96 0.96 0.99 0.98 0.98
Tortuosity [] 1.07 1.11 1.75 1.6 1.4 1.9
Flow Resistivity [Ns/m4] 5.5×104 1.9×104 1.5×105 1.0×105 1.0×105 2.2×104
Viscous CL [µm] 50 126 55 10 50 87
Thermal CL [µm] 100 252 111 30 150 146
Young’s Modulus [N/m2] 2.5×104, 5.0×104, 1.0×105
Loss Factor [] 0.24 0.24 0.36 0.15 0.20 0.18
Poisson’s Ratio [] 0 0 0 0.1 0.3 0.2
Bulk Density [kg/m3] 96 50 120 40 25 30
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3.3.2 ????
???????????????????????????????????? (???)?????
????????? [44, 48]??????????????????????? Double Porosity???
???????????? 3.1.1????????????????????????????????
???????????????????????????????????????????????
???????????
Double Porosity??????
??????????Rayleigh?????????????????????????
jω(ρ0α∞/φ)v︸ ︷︷ ︸
inertial term
+ σmv︸︷︷︸
viscous term
+ ∇p︸︷︷︸
potential term
= 0 (3.40)
??????????????????????????????? ωvm ?????????????
???
ωvm =
σmφ
ρ0α∞
(3.41)
ωvm ?????????????????????????????????????????????
??????????????????????????????????????
????Fig.3.16??????????????????????????????????????
???????Zwikker & Kosten????????????????????????????????
?????
σM =
8η
φMR2eq
(3.42)
??????????? L, Macroporosity(????????????????)? φM ???????
??? Req =
√
L2φM/π?????????Macroporosity????????????????????
???????????????
ωvM =
σMφM
ρ0
=
8η
ρ0R2eq
(3.43)
ωvM ≪ ω ≪ ωvm ??????????????????????????????????????
????????????????????????????
???Double Porosity????? (???????????)??????????????????
??????????????????????????????????????????????
????????????????????
ωd =
(1− φM)P0
φmσmD(0)
(3.44)
????D(0)????????????????????????????????????????
????
D(0) =
L2
4π
(
ln
(
1
φM
)
− 3
2
+ 2φM − φ
2
M
2
)
(3.45)
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ω ≪ ωd ??????????????????????????Cummings???????????
????????????????ωd ?????????Macropore???????????????
???????????????????????????????????????????????
ωd ≪ ω ???????????????????????????????????????????
??????????????????????????????????????
Macropore
micropore
In-Tube Configuration Equivalent Double Porosity Medium
Req
Macropore
micropore
Fig. 3.16: Equivalent converision of the configuration in tube.
Double Porosity?????????????????
???????????? Macropore????????????????????????????
????????
1
ρdp
=
1− φM
ρ˜eq
+
φM
ρ˜cyl
(3.46)
????ρ˜eq ????????????????JCA model? Kato model?????????????
ρ˜cyl ?????????????????????????????????????
ρ˜cyl =
ρ0
1− 2
µ
√−j
J1(µ
√−j)
J0(µ
√−j)
(3.47)
????µ =
√
2ηR2eq/ρ0ω ????
??????????????????????????????????????????????
???????????????????? Fd ??????
1
K˜dp
=
1− φM
K˜eq
{
Fd
(
ωP0
φmK˜eq
)}
+
φM
K˜cyl
(3.48)
????K˜eq ??????????????????????????? JCA model? Kato model??
???????K˜cyl ?Macropore???????????????????????????????
??????
K˜cyl =
γP0
1 + (γ − 1)
(
1− 2
µ
√−j
J1(µ
√−j)
J0(µ
√−j)
) (3.49)
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Fd(ω)???????????????????????????????????????
Fd(ω) = 1− jωD(ω) (3.50)
D(ω) =
1
jω + ωd
√
1 +
Mdω
2ωd
(3.51)
Md =
8D0
Λd(1− φM) (3.52)
????Λd ???????????????????Macropore?????????????????
?????
Λd =
(L2 − πR2eq)dm
πReqdm +Nt(L2 − πR2eq)
(3.53)
Nt ???????????????????????? 0,????? 1???????Double Porosity
???????????????????????????Macropore???????????????
???????????????????? Biot Parameter 5?????Macropore????? L,??
Macroporosity φM ??????????????
Double Porosity??????
??????? 50 mm, Macroporosity ? 1, 2, 4% ???????UF40K ??????? Double
Porosity???????????????????????????????????????????
? Fig.3.17(a),(d) ????Double Porosity ???????????????????????????
???????????????????????????????Macropore???????????
???????????????????????????????????????????????
????????MacroporosityφM ?????Macropore????? L ??????????????
???? Fig.3.17(b),(c),(e),(f)?????? 5mm??? Double Porosity??????????????
???????????????????????????????????????????????
????????????????????????????????????????????Pilon
??????????????????????????????????? Permeability Ratio???
?????????????????????????????????
??????????????????Miki?????????????????????????
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Fig. 3.17: Normal incidence absorption coefficients calculated for the UF40K with peripheral air gap. The
material thicknesses are (a-c) 25 mm and (d-f) 50 mm. Macroscopic Periods are (a,d) 50 mm, (b,e) 10 mm
and (c,f) 5 mm. Solid lines are results by FEM and dashed ones are those by double porosity theory.
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Fig. 3.18: Normal-incidence absorption coefficients calculated for the GW96K backed by rigid backing.
Material thicknesses are (a) 12.5 mm, (b) 25.0 mm and (c) 50.0 mm.
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Fig. 3.19: Normal-incidence absorption coefficients calculated for the UF40K backed by rigid backing. Ma-
terial thicknesses are (a) 12.5 mm, (b) 25.0 mm and (c) 50.0 mm.
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Fig. 3.20: Normal-Incidence absorption coefficient calculated for the GW96K backed by air layer with as-
sumption of rigid frame. Air Layers are (a) 12.5 mm, (b) 25.0 mm and (c) 50.0 mm.
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Fig. 3.21: Normal-Incidence absorption coefficient calculated for the GW96K backed by air layer with as-
sumption of elastic frame. Air Layers are (a) 12.5 mm, (b) 25.0 mm and (c) 50.0 mm.
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Fig. 3.22: Normal-Incidence absorption coefficient calculated for the UF40K backed by air layer with as-
sumption of rigid frame. Air Layers are (a) 12.5 mm, (b) 25.0 mm and (c) 50.0 mm.
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Fig. 3.23: Normal-Incidence absorption coefficient calculated for the UF40K backed by air layer with as-
sumption of elastic frame. Air Layers are (a) 12.5 mm, (b) 25.0 mm and (c) 50.0 mm.
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Fig. 3.24: Normal incidence absorption coefficients calculated for membrane-bonded glass wool (left-
column) and urethan foam(right-column), supported rigidly on the side wall. Material thicknesses are (a)
12.5mm (b) 25.0 mm and (c) 50mm respectively.
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Fig. 3.25: Normal incidence absorption coefficients calculated for membrane-covered glass wool (left-
column) and urethan foam(right-column), supported rigidly on the side wall. Material thicknesses are (a)
12.5mm (b) 25.0 mm and (c) 50mm respectively.
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Fig. 3.26: Normal-incidence absorption coefficient calculated by TMM for membrane-bonded glass wool
with air layer backing. Front- and Back-bonded types are shown on the left and right column respectively.
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Fig. 3.27: Normal-incidence absorption coefficient calculated by FEM for membrane-bonded glass wool
supported rigidly on the side wall and backed by air layer. Front- and Back-bonded types are shown on the
left and right column respectively.
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Fig. 3.28: Normal-incidence absorption coefficient calculated by TMM for membrane-bonded urethane foam
with air layer backing. Front- and Back-bonded types are shown on the left and right column respectively.
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Fig. 3.29: Normal-incidence absorption coefficient calculated by FEM for membrane-bonded urethane foam
supported rigidly on the side wall and backed by air layer. Front- and Back-bonded types are shown on the
left and right column respectively.
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Fig. 3.30: Normal incidence absorption coefficient calculated for membrane-bondeded glasswool and ure-
thane foam with peripheral gap. Material thicknesses are (a) 12.5 mm, (b) 25.0 mm and (c) 50.0 mm.
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Fig. 3.31: Normal incidence absorption coefficient calculated for membrane-covered glasswool and urethane
foam with peripheral gap. Material thicknesses are (a) 12.5 mm, (b) 25.0 mm and (c) 50.0 mm.
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Fig. 3.32: Normal incidence absorption coefficients calculated for membrane-covered glass wool with air gap
on its side perimeter . Material thicknesses are (a-c) 12.5mm and (d-f) 50mm and air layer thicknesses are
(a,d) 12.5 mm, (b,e) 25 mm and (c,f) 50 mm. Thick black line is value for infinite area material and thin black
line is value for uncovered one.
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Fig. 3.33: Normal incidence absorption coefficients calculated for membrane-covered urethan foam with air
gap on its side perimeter. Material thicknesses are (a-c) 12.5mm and (d-f) 50mm and air layer thicknesses
are (a,d) 12.5 mm, (b,e) 25 mm and (c,f) 50 mm. Thick black line is value for infinite area material and thin
black line is value for uncovered one.
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Fig. 3.34: Calculation configuration for this and next section.
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???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????UF??????????????????????????????????
3.5.2 ????
Fig.3.36 ???????????????????????Double Porosity ???????????
???????????????????????????????????????????????
?????????????? 1????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????
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Fig. 3.35: Normal incidence transmission loss calculated for single layer poroelastic material supported
rigidly on the side wall. TMM and FEM values are shown in dotted and solid colored lines respectively.
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Fig. 3.36: Normal incidence transmission loss calculated for single layer poroelastic material with side gap
on the side wall. Black solid and dotted lines are TMM values for elastic and rigid frame.
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3.6 ??????????????
?????????????????2????????????????????????????
???,????,???????????????????????????????????????
???? 96K????????????????? 40K?????????????????????
??? 0.04kg/m2 ????????????????????????????? (Tab.3.1)?????
????????????? JCA???????????????????????????????
3.6.1 ??????
Fig.3.37??????????????????
63 125 250 500 1k 2k 4k
0
5
10
15
20
25
30
63 125 250 500 1k 2k 4k
63 125 250 500 1k 2k 4k
0
5
10
15
20
25
30
63 125 250 500 1k 2k 4k
Membrane/GW96K (in-contact) Membrane/GW96K (out-of-contact)
Membrane/UF40K (in-contact) Membrane/UF40K (out-of-contact)
Frequency [Hz] Frequency [Hz]
Frequency [Hz] Frequency [Hz]
N
or
m
al
-i
nc
. t
ra
ns
m
is
si
on
 l
os
s 
[d
B
]
N
or
m
al
-i
nc
. t
ra
ns
m
is
si
on
 l
os
s 
[d
B
]
12.5 mm
25.0 mm
50. 0 mm
Fig. 3.37: Normal incidence transmission loss calculated for membrane- bonded and covered poroelastic
material supported rigidly on the side wall.
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??????????????????? ???????????????????????????
????????? TMM???????????????????????????????????
???????????????????????????????????????????????
??????GW 12.5 mm??????????????????????????????? Fig.3.38
???????????????????????????????????????????????
????????????????????????????? 1/4????????????????
??????????????????
fres =
1
4t
√
λs + 2µs
ρb
(3.54)
??????????????????????GW, UF ??????????????? Tab.3.4 ?
???
Tab. 3.4: Comparison of the resonance frequencies.
material thickness 12.5 25 50.0 [mm]
GW96K
TMM 890 445 235
[Hz]
fres 912 456 228
UF40K
TMM 648 445 288
[Hz]
fres 750 375 187
UF ?????????????????????????? 1/4 ????????????????
???????????????????????????????????????????????
????????????????? n/2????????????????????????????
?????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
????4kHz????????????????????????
??????? ???????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
TMM????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????
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Fig. 3.38: Displacement fields of the membrane-bonded glass wool with 12.5 mm thickness in a cycle of the
890 Hz
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3.6.2 ????
Fig.3.39??????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
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Fig. 3.39: Normal incidence transmission loss calculated for membrane- bonded and covered poroelastic
material with gap between the material and side walls.
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3.7 ???
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
???
? 3???? 4???????????????????????????????????????
???????????? 3??????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????? αMF
????????????????
αMF = 1 +
2.7786
1 + 1.2901ν
(
t
L
)2.3889
(3.55)
????????????????????????????????????? EEq = EtrueαMF
????????????????????????????
??? 3??????????????????????????????????????????
? (micropore)???????????? (Macropore)?????Double Porosity??????????
??Double Porosity?????Macropore???????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????
? 4 ???????????????????????????????????????????
??????????????-?????????????????????????????????
??????????????????????????????????????????????
????????????????????? Double Porosity,??????????????????
???????????????????????????????????????????????
???????????????????????????????????????????Fig.3.31,
GW96K(a)????????????????????? (Fig.3.31, GW96K(b)???)???????
?????????????
? 5???? 6???????????????????????????????????????
??????????????? 5???????????????????????????????
???????????????????????????????????????????????
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???????????????????????????????????????????????
???????????????????????????????????
? 6????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????????????????
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? 4?
??????????????????
??????
4.1 ??
??????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????????????????
? 1????????????????????????????????????????????
?????????????????????????????????? 2????????????
??????????????????????????????????????Deep-well????
?????????????????????????????????????????????? 3
???????????????????????????????????????????????
???????????????????????????????????
4.1.1 ??????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????????????????? (Eq.(2.70))
???????????????????????????????
Thomasson???????????????????????????? B ???????????
144 ? 4? ????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????? [67]????????????????????????????????
????????????????????? Eq.(2.70)?????????????????????
????????????????????? [95]?Lauriks????????????? Thomasson?
????????????????????? [35]?
??????????????????????????????????????????????
??????????????????????????????????????????????
????? [114]???????????????????????????????????????
???????????????????????????????????????????????
???
??????????????????????????????????????????????
??????????????????????????????????????? Kawakami ??
??????????? Deep-well???????? [31]?Kawakami? Deep-well???????
• ???????????????
• ????????????????????????
• well???????????
???????????????????????????????????????????????
??????????????Deep-well?????????????????????? [96]????
?????well???????????? well?????????????????????????
??????????????????????????????????????????????
??Kawakami???????????? PLD?????????????????????????
???????????????????????????????????????????????
????????????????
?????????????????????????????????????????????
? Deep-well?????????????????????????????????????????
???????????????????????????
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4.1.2 ???????????
????????
?????????????????????????????????????????????
??????????????????? 2????????
• ??????????
• ?????????
1.1.1????????????????????????????????????????????
???????????????????????????????????????????????
?????? Fig.4.1??? 3???????????????
MODEL 1?????????????????????????????????????????
????????????????????????????????? BEM-?? FEM??????
??????????????????????????????????????????????
????????????????????????????????? BEM-?? FEM??????
????MODEL 2????
???MODEL 1,2?????????????????????????????????????
??????????????????????????????????? Fig.4.2????????
???? (??????????????????)????????????????????????
?????????????????????????????????? CHIEF? [59]??????
???????????????????? Burton-Miller ? [11] ????????????????
????????????Ishizuka et al. ????????????????????????? Inner
Cavity Ringing? (ICARing)??????? [81](Fig.4.3(a)∼(c))?ICARing?????????????
???????????????????????????????????????????????
??????????????????? (Zsurf = ρ0c0)?????????????????????
????????????????????????????????? [104](Fig.4.3(d))?Hirosawa et
al.? ICA Ring????????????????????????????????????????
??????????????????????? 2???????????????????????
??????????????????????????
??????????????????????????????????????????????
????????????????? (MODEL 3)????????????????????????
???????????????????????????????????????????????
??????????????????????????MODEL 1,2???????????????
???????????????????????????????????????????????
???????????????????????????????????????
?????????????MODEL 3????????????
146 ? 4? ????????????????????????
???????????
Fig.4.4?????????? (θl,ϕl)?????????????????????????????
Paris????????????????????????? (θl,ϕl)? θ?????? Nθ ??????
????????????
∆θi =
π/2
Nθ
, θl =
(
i− 1
2
)
∆θi, (i = 1, 2, . . . , Nθ) (4.1)
∆ϕij =
π/2
N iϕ
, ϕl =
(
j − 1
2
)
∆ϕij , (j = 1, 2, . . . , 4N
i
ϕ) (4.2)
N iϕ = ⌈Nθ sin θl⌉ (4.3)
l = {11, 12, . . . , 1j, . . . , 1(4N1ϕ), . . . , ij, . . . , Nθ(4NNθϕ )} (4.4)
Eq.(2.70)??????? pD ?????? (θl,ϕl),???????????????????????
??????????
pD(r) = 2jωρ0 exp(−jkl · r) (4.5)
kl = k0{sin θl cosϕl, sin θl sinϕl, cos θl} (4.6)
????kl ? l ?????????????????????????????? S ????????
?????Winc,l ?????????
Winc,l =
k20ρ0c0
2
S cos θl (4.7)
???????????Wabs ????????????????????????????????
??????? Γi ?????????????????????????????????????
Wabs,l =
∫
Γi
In,ldS, In,l = −1
2
Re
[
plv
f∗
l
]
(4.8)
???????????????????????????????????????????????
?????? α(θl,φl)?????????
α(θl,φl) =
Wabs,l
Winc,l
(4.9)
????????????? wl ????????????????? αstat ??????
αstat =
∑
l τ(θl,φl)wl∑
l wl
, wl = sin θl cos θl∆θl∆φl (4.10)
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Fig. 4.1: Schemes for the absorption coefficient analysis.
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Fail to yeild a unique solution at eigen-frequency
 of the corresponding interior domain
External Problem with a scatterer
Fig. 4.2: Non-uniqueness difficulty for external problems in boundary element analysis.
Impedance
  : ρc
Impedance
  : ρc
Γu
Γl
Air Space in Inner Cavity
Connected to Outer Space
via a Small Hole 
Original Boundary Removal of a Small Hole Degenerate Boundary
Impedance
  : ρc
Thickness: t Thickness: t Thickness: 0
Fig. 4.3: Development of Inner CAvity Ringing (ICA Ring) Method for avoidance of the non-uniqueness
difficulty.
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Fig. 4.4: Quasi-equisolid angle discretization of incidence space for the calculation of transmission loss.
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????????
?????????????????
• ?????????????? (Fig.4.1, MODEL 3)
• ??????????????????????
• ?????????????????
• ?????????????????????
• ??? (θl,ϕl)???????
• ?????????????????????????????
• Paris???????????????
Fig.4.5???????????????????????????????????
Acoustic Pressure Field
Acoustic BEM - Acoustic FEM Coupling
Semi-Infinite Acoustic Pressure Field
(2-Dimensional Elements)
Membrane or Plate Vibration Field
(2-Dimensional Elements)
Poroelastic Vibration Field
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Fig. 4.5: Three-dimensional schematic on the discretization of each fields for absorption coefficient analysis.
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4.1.3 ??????
2.2.5????????FEM? BEM???-??????????????????????????
???????????????????????????????????????????????
?????????????????????-?????????????????????????
??????????????????????????????????? (C-BEM)???????
???? (G-BEM)??????????????????????????????????????
???????
????
???????? ????????? 1× 1[m2]??? t = 20[mm],???? ρs = 1186[kg/m3],??
? ρ = 50[kg/m3],??? D = 21[µm]???????? C-BEM????? G-BEM????? G-BEM
?????????????????????? 1× 1[m2]??? 30mm???????????????
?????????????? Kato Model????????Tab.4.1???????? FEM, BEM??
???????
????? Mac OS X 10.7.5, CPU core i5 2.4GHz, Memory 8GB 1067MHz DDR3 ???????
Fortran?????? gfortran 4.8.2??????????? BLAS?????????MUMPS 4.10.0?
???????????
????
????? Fig.4.6??????????????????????????????????????
??????????????????????????????????? TMM?????????
???????????????????????????????????????????????
???C-BEM????? G-BEM????? G-BEM???????????????????????
????????????????
?????? ????????????????????????????????????????
??????????????????????????? (???????? Symbolic Assembly??
???)??????????????????????????????????
????????????
Mnon 0 = (DOFFEM)× (width)︸ ︷︷ ︸
FEM
+(DOFBEM)
2︸ ︷︷ ︸
BEM
(4.11)
?????????????
Mnon 0 =
1
2
(DOFFEM)× (width)︸ ︷︷ ︸
FEM
+
1
2
(DOFBEM)(DOFBEM − 1)︸ ︷︷ ︸
BEM
(4.12)
width???????????????????? 500????????? (27??????4????
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????????????? 5*5*5*4 = 500???????????????????????????
??????????Symbolic Assembly????????????????????????????
???????????????? LU????????????? (fill-in)????? Fig. 4.7???
????????????????????????????? (Estimated Memory)????????
???????? (Actual Memory)???????????? (Max Memory)? Tab.4.1????
??????? Tab.4.1 ? Symbolic Assembly ?????????????????Galerkin BEM ?
????????????????????????????????????????C-BEM ?
G-BEM????????????????????? G-BEM???????????????????
????G-BEM???????????????????????????????????????
???????????????????????????????????????????????
????
????????????????????????????????????????????
???
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Fig. 4.6: Absorption coefficients and errors calculated with different formulation.
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Tab. 4.1: Memory usage and calculation CPU time.
Constant BEM Galerkin BEM (O1) Galerkin BEM (O2)
DOFFEM 18207
DOFBEM 2500 2601
Total 20707 20808
Estimated: Mnon 0 1.53× 107 7.93× 106
Memory [MB] 350 181
Actual: Mnon 0 6.70× 106 3.63× 106 3.93× 106
Memory [MB] 153 83 90
Max Memory [MB] 542 331 332
Symbolic Assembly Time [sec] 23.3 141.6 31.1
Calc. Time [sec/freq] 146.2 268.2 122.0
128 256 512 1024 2048 4096 8192 16384 32768 65536
100 KB
  1 MB
 10 MB
100 MB
  1 GB
 10 GB
100 GB
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216 = 65536
219 = 524288
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Fig. 4.7: Estimation of required memory for the typical D.O.F range in case using Galerkin BEM. Band width
for FEM matrix is taken as 500.
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4.2 ???????????
??????????????????????????????????????????????
???????????????? (TMM)???????????? Thomasson??????????
?? [5] ??????????????? (FTMM) ??????????????????Thomasson
???? 2??????????????????????????????????????????
????????????? Fig.4.8????
??????????????????????????????????????????????
???????? [13]??????????? (???? 1189 [kg/m3]???? 21 × 10−6[m])????
???? 50K, 200K? 2?????????????????????? Kato Model????????
????????????? ???????????????????????????????
??????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
Nθ = 10(∆θ = 9?)????? [114]???????????????? Nθ = 30(∆θ = 3?)?????
??????? 587?????????????????????
x
y
zθφ
infinite rigid baffle
material
incident?plane wave
3 Dimension
dc mm
zx, yz plane
dm mm
a m
Area 
??: a2m2
xy plane
a m
Fig. 4.8: Geometry condtion for the following calculations.
154 ? 4? ????????????????????????
4.2.1 ???????
????? 20mm?????? 1, 4, 9 m2????????????????????????????
?? Fig.4.9??????????????? (TMM)?????????????????,Thomasson
?????? TMM???????? (FTMM)?????????????? 63Hz∼2000Hz? 1/24?
?????????????????
????????? ?????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
?????????1kHz???????????????????????????????????
???????????????????????????????????????????????
??????????????????
????????????????????????????????????????125Hz∼2kHz
? 1/1???????????????????????? Fig.4.10?????????? 60????
????????????????????????????????Paris????????????
?????????????????? 1 m2?1090Hz??????????????? 30??????
????????????????????Fig.4.11,4.12? 125Hz∼2kHz? 1/1??????????
???????????????????????????????????????????????
????????????????????9m2 ?????????????????????????
????????????????????????????????
?Thomasson??????? FTMM????????????????????????????
???????????????????????? Thomasson?????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????? FTMM????????????????
???????????????????
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Fig. 4.9: Absorption Coefficients calculated for different material and cavity area.
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Fig. 4.10: Oblique Incidence Absorption Coefficients calculated for different material and cavity area. The
incidence azimuths ϕ are 0? and 45? shown in solid and dotted lines respectively.
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Fig. 4.11: Distribution of Oblique Incidence Absorption Coefficients calculated for hair felt 50Kwith different
material and cavity area.
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Fig. 4.12: Distribution of Oblique Incidence Absorption Coefficients calculated for hair felt 200K with dif-
ferent material and cavity area.
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4.2.2 ???????
????? 1m2,?????? 20, 30, 70, 120mm????????????????????????
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? Deep-well ?????????????????????????????????????? well
????????????
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???????? ?? 1×1 m2??? 20 mm?????????? 50K?????????????
???????????????????????????????????? L??????????
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?????????????? 30, 70, 120 mm???????????? (6.5m3 ?? 36m3)????
??????????????? JIS??? (150m3 ??)????????????????????
??????????500Hz ?????????????????????????????????
Fig.4.17????????????????????????????????????
??? Fig.4.19???????????????? well????????????????????
160 ? 4? ????????????????????????
??????????36m3 ????????????????????????????? 36m3 ??
???????????????????????????????????????????????
??????????????????
well ???????????????????????????????????????????
??well???????????????????????????????????? well????
?????Fig. 4.18?????????????????????????????????????
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Fig. 4.13: Absorption Coefficients calculated for different cavity depths.
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Fig. 4.14: Oblique Incidence Absorption Coefficients calculated for different cavity depths. The incidence
azimuths ϕ are 0? and 45? shown in solid and dotted lines respectively.
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Fig. 4.15: Distribution of Oblique Incidence Absorption Coefficients calculated for hair felt 50K set in the
cavity with different depths.
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Fig. 4.16: Distribution of Oblique Incidence Absorption Coefficients calculated for hair felt 200K set in the
cavity with different depths.
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Alpha Cabin (6.5 m3) Middle Size Chamber (36 m3)
Fig. 4.17: Measurement chambers and the condition of material installation.
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Fig. 4.18: Physical conditions around the material in measurement and calculation.
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Fig. 4.19: Comparison between the calculated and measured value. The values measured at small and middle
rooms are shown on the upper and lower row respectively.
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4.2.3 ?????????
????? 1m2????? 20, 50, 100 mm??????????????????????????
Fig.4.20????
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?????????????????????????
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?????????????????????????????????50, 100 mm???? 125 Hz
??????????????????????
???????????????Thomasson??????????????????????????
?????????????????? Thomasson???????????????????????
??????????????
4.2.4 ????????
????? 1m2????? 20 mm????????? 150, 350 mm???????????????
??????????? Fig.4.21????
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????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
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Fig. 4.20: Absorption Coefficients calculated for different material thickness.
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Fig. 4.21: Absorption Coefficients calculated for material backed by air layer with different thicknesses.
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3 Dimension
Fig. 4.22: Calculation conditions for the investigation on material and cavity shapes.
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?????????????? 30, 70, 120 mm? 3???????????????????????
?????????????Type SC, CS??????????????????Winc1???????
???????Winc2 ? 2??????????????
Fig.4.23??????????????????????????? Type SS, CC?????????
?????TypeSS? CC???????????????????????????????????
?????????????????????????
?Winc1 ?????????? Type SC, CS???????? Type SS, CC????????????
?????????????? Type SS, CC???????????????????????????
???? Type CS??????????????????????????????????????
?????????Type SC, CS?????Fig.4.25???????????????????????
????????? Fig.4.26 ?????????????????????????????????
???? 2kHz??? 17cm???????? 2cm????????????????????????
???????????
?? 70 mm????? Type???????????????????????????? Type SC,
CS??????????????? Type SS, CC??????????????? Type CS?????
????????????Type CC???????????????????????????????
???????????????????????????????????????????????
?????
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Fig. 4.23: Absorption Coefficients calculated for different material and cavity area. Solid and dashed lines
are calculated from incidence power to the material and cavity face respectively.
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Fig. 4.24: Distribution of oblique incidence absorption coefficients calculated for different material and cavity
area.
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Fig. 4.25: Side covering aimed at avoiding lateral incidence.
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Fig. 4.26: Random and field incidnece absorption coefficeints calculated for type SC and CS shown in the
above figure. Solid and dashed lines are calculated from incidence power to the material and cavity face
respectively
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4.3 ????????
??????????????????????????????????????????????
????????????????? TMM, FTMM???????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
?????? Biot??????????????????????????????????????
??? Kato Model?????
Tab. 4.2: Physical properties and dimensions of layered materials for the calculation.
PEM 1&2
Material Density ρs = 1186[kg/m3]
Fiber Diameter D = 21[µm]
Poisson’s Ratio ν = 0
PEM 1
Bulk Density ρ = 200[kg/m3]
Young’s Modulus E = 1.5× 105[N/m2]
Loss Factor η = 0.45
Thickness t = 5[mm]
PEM 2
Bulk Density ρ = 50[kg/m3]
Young’s Modulus E = 2.2× 104[N/m2]
Loss Factor η = 0.24
Thickness t = 20[mm]
Membrane Area Density ρm = 0.04[kg/m2]
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Fig. 4.27: Geometries and the layer conditions for the calculation of absorption coefficients of the layered
materials.
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Fig. 4.28: Schematic of the vibration mechanisms seen in the following absorption coefficient characteristics.
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Fig. 4.29: Absorption Coefficients calculated for different layer conditions of triple layer materials.
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Fig. 4.30: Distribution of oblique incidence absorption coefficients calculated for different layer conditions
of triple layer materials.
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4.3.2 ?????????????
? 3????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????? Fig.4.31??????????????
????????????????????????????????
2: Side Cover Width1: Gap Width
Fig. 4.31: Gap on the edge of the material and wraparound of surface membrane.
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????? (????)??????????????????????????
?????????????????????????????????
Tab. 4.3: Physical properties and dimensions of layered materials for the following calculation.
PEM 1
Material Density ρs = 1186[kg/m3]
Fiber Diameter D = 21[µm]
Poisson’s Ratio ν = 0
Bulk Density ρ = 50[kg/m3]
Young’s Modulus E = 2.2× 105 or 2.2× 106 [N/m2]
Loss Factor η = 0.24
Thickness t = 20[mm]
Membrane Area Density ρm = 0.04 or 3.5 [kg/m2]
?????
???????????????????????????????? Fig.4.32??????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
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???????????????????????????????????????????????
?????????????????
?????????? 2???????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????????
???????
???????? 1 mm?????????????? 0, 1, 19, 20 mm?????????????
? Fig.4.33??????????????????????????????????????????
??????????????????????????????????????? 19 mm????
???????????????????????????????????????????????
?????????????????????????????????
??????
?????????????????????????????????????????????
???????????????????????????????? PVC ??? (??? ρm = 3.4
[kg/m2])???????????? 50K??????????????????????? Tab.4.3??
??????????????????????? Fig.4.34??????? 4.2.2??????????
?????????????????????? L?????? 4 mm???????????????
L?????????????????? 8 mm?????????????????????????
? L???????????????????????? L???????????????????
??????????1 mm??????????????????????????????????
??????????????????????
??? Fig.4.35???????????????????????????????????????
??????????????????????????????????????????????
???? (??)?? 1 mm?????????????????????????????? 8mm??
??? 1 mm????????? 160 Hz????????????????????????????
???????????????????????????????????????????????
????????????????????
4.3 ???????? 179
63 125 250 500 1000 2000
Frequency [Hz]
Hard Felt E = 2.20×10   [N/m ] Default
0
0.5
1
1.5
N
o
rm
al
−
In
c.
63 125 250 500 1000 2000
0
0.5
1
1.5
Frequency [Hz]
F
ie
ld
−
In
c.
125 250 500 1000
Frequency [Hz]
Measured
d mm
20 mm
26
Theoretical
Gap Width (d mm)
0 (No gap)
1 
2 
4 
8 mm
Heavy Memb. ρ   = 3.5 [kg/m  ]m
2
Fig. 4.32: Normal- and field-incidence absorption coefficients calculated for the materials with different sizes
of peripheral gaps.
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Fig. 4.33: Normal- and field-incidence absorption coefficients calculated for the materials with different sizes
of covering on their side face.
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Fig. 4.34: Calculation and measurement conditions for the investigation of air gaps effects on the absroption
characteristics.
4.3 ???????? 181
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
63 125 250 500 1000 2000 4000
Frequency [Hz]
63 125 250 500 1000 2000 4000
Frequency [Hz]
Side-Gap 4mm-4mm Center-Gap 8mm
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
R
an
do
m
-
In
c.
 
 
A
bs
o
rp
tio
n
 C
oe
ffi
ci
en
t
 
N
o
rm
al
-
 
In
c.
 
A
bs
o
rp
tio
n
 C
oe
ffi
ci
en
t
Fi
el
d-
In
c.
 
A
bs
o
rp
tio
n
 C
oe
ffi
ci
en
t
Meas. at small chamber
Calc. : Side or Center
Calc. : Gap on all side?
TMM
Meas. at middle chamber
Fig. 4.35: Absorption Coefficients calculated for different gap conditions shown in the last figure.
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5.1.1 ??????
????????????
????????????????? ?????????????????????????????
????????????????????????????Fig.5.1???????????????
???????????????????????????????????????????????
????????????????????? (Fig.5.1(c))????????????????????
???????????????????????????????????????
???????????????????Kihlman et al. [32]??????????????????
????Guy et al. [24]????????????????????????????????????
??????????????????????Guy et al. [23],??? [120]????????????
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Fig. 5.1: Typical configuration of niches around a specimen.
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???????????????????????????????????????????????
?????????????????????????????????
??????????????? ???????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
5.1 ?? 185
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????? [121, 74, 75]?????????????????????
??? SEA??????????????? [100, 123]?????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????? [57, 78]??????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????????
???????????
Panneton et al., Sgard et al.??????????????????????????????????
?????????????? [45, 61]?????????????????????????????
????????????????Rayleigh???????????????????????????
???????????????????????????????????????????????
???? [102]?????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????
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5.1.2 ???????????
?????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????? Fig. 5.2???????????????
???????
• ??????????????
• ??????????????????????
• ?????????????????
• ?????????????????????
• ??? (θl,ϕl)???????
• ?????????????????????????????
• Paris????????????????????????????
Fig.5.3???????????????????????????????????
????????
????? θl ???????????????????????????????????????
?????Winc,l ?????????? Γt ??????????Wtrans,l ?????????????
??Wtrans,l ???????? Γt ?????????????????????????
Wtrans,l =
∫
Γt
In,ldS, In,l =
1
2
Re
[
plv
f∗
l
]
(5.1)
?????????????? τ(θl,φl)?????????
τ(θl,φl) =
Wtrans,l
Winc,l
(5.2)
????????????? wl ?????????????????????? τstat????????
????? Rstat ??????
τstat =
∑
l τ(θl,φl)wl∑
l wl
, wl = sin θl cos θl∆θl∆φl (5.3)
Rstat = −10 log10 τstat (5.4)
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Fig. 5.2: Schematic of the transmission loss analysis model.
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Fig. 5.3: Schematic on the discretization of each fields for transmission loss analysis.
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5.2 ??????????????
5.2.1 ?????????
?????????? Fig.5.5????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????????????????
• Fig.5.4????????????????????
• ????????????????????????????????????????????
x
y
z
support material
Fig. 5.4: Schematic of propagation of bending plate .
?????????????? w0,??????????????????????????????
???????????
w = w0
sin klsz
sin klshs
(5.5)
??? kls ?????? kls = ω/cs?cs ????????????
?ksh≪ 1?????????????????????? klsh≪ 1?????Eq.(5.5)??????
??????
w = w0
z
hs
(5.6)
??????????????????????????????????????????????
??? (Fig.5.5(a))??????????????????????????????????????
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(a) translational motion (b) rotational motion
/2
w
Q M
Fig. 5.5: Numerical models of edge supprt systems: (a)transrational spring, (b)rotarional spring.
???????????????????????????Win ????????????
Win =
1
2
ds
∫ hs
0
Es
(
∂w
∂z
)2
dz (5.7)
=
1
2
ds
∫ hs
0
Es
(
w0
hs
)2
dz (5.8)
=
1
2
Esds
w20
hs
(5.9)
????Es ????????????ds ?????????hs ??????????????????
?????? w0 ???????????? ktrans ??????????????????Wtrans ??
??????????
Wtrans =
1
2
ktransw
2
0 (5.10)
Eq.(5.9), (5.10)?????? ktrans = Esds/hs ?????????????????????????
????? ZPtrans = 2ktrans/jω ????????????
ZPtrans =
2Esds
jωhs
(5.11)
?????????????? θ ??????????????????????????????
????? x???????? w0 = θx????????????????????????????
???????????????????????????????????????????????
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?????? (Fig.5.5(b))???????????????????????????????????
Win =
1
2
∫ hs
0
∫ ds/2
−ds/2
Es
(
∂w(x, z)
∂z
)2
dxdz (5.12)
=
1
2
∫ hs
0
∫ ds/2
−ds/2
Es
(
w0(x)
hs
)2
dxdz (5.13)
=
1
2
∫ hs
0
∫ ds/2
−ds/2
Es
θ2x2
h2s
dxdz (5.14)
=
1
2
Esd3s
12hs
θ2? (5.15)
?????? θ???????????????? krot ???????????????Wrot ????
???????
Wrot =
1
2
krotθ
2 (5.16)
Eq.(5.15), (5.16)???????krot = Esd3s/12hs ???????????????????????
?????????? ZProt = 2krot/jω ????????????
ZProt =
Esd3s
6jωhs
(5.17)
??????????????????????????????????????????????
?????????????????????????????????Win ????????????
Win =
1
2
ρsds
∫ hs
0
(
∂w
∂t
)2
dz (5.18)
=
1
2
ρsds
∫ hs
0
(
∂w0
∂t
z
hs
)2
dz (5.19)
=
1
2
ρsdshs
3
(
∂w0
∂t
)2
(5.20)
????ρs ???????????????????????? w0 ???????? mtrans ????
??????????Wtrans ????????????
Wtrans =
1
2
mtrans
(
∂w0
∂t
)2
(5.21)
Eq.(5.20), (5.21)???????mtrans = ρsdshs/3???????????????????????
??????????????????? ZKtrans = jω2mtrans ????????????
ZKtrans = jω
2ρsdshs
3
(5.22)
?????????????????????????????????????????Win ??
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??????????
Win =
1
2
ρs
∫ hs
0
∫ ds/2
−ds/2
(
∂w(x, z)
∂t
)2
dxdz (5.23)
=
1
2
ρs
∫ hs
0
∫ ds/2
−ds/2
(
∂θ
∂t
zx
hs
)2
dxdz (5.24)
=
1
2
ρsd3shs
36
(
∂θ
∂t
)2
(5.25)
?????? θ ?????????????? mrot ??????????? Wrot ????????
???
Wrot =
1
2
mrot
(
∂θ
∂t
)2
? (5.26)
Eq.(5.25), (5.26)???????mrot = ρsd3shs/36????????????????????????
????????????????????????????? ZKrot = jω2mtrans ?????????
???
ZKrot = jω
ρsd3shs
18
(5.27)
??????????????????????????????????????????????
?????????
ZQ = Z
P
trans + Z
K
trans (5.28)
ZM = Z
P
rot + Z
K
rot (5.29)
?ksh≫ 1????????????????? ????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????
σn|hsds = Es
∂w
∂z
∣∣∣∣
hs
ds (5.30)
= w0
Esksds
tan kshs
(5.31)
????????????? Q???????????????????????
Q = jωZQw0 (5.32)
Eq.(5.31), (5.32)???????????????????????????????????????
??????????????
ZQ =
2ρscsds
j tan (kshs)
(5.33)
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5.2.2 ???????????
??????????????????????????????????????????????
???????????????????????? 2.7.3????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????
5.2.3 ???????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????
????
0x1x2x3x4
Fig. 5.6: Four microphone method for the determination of the amplitude of bending wave.
??????????????????????????????????????????????
(Fig.5.6)??????????????????????????? x???????????????
?????????????????? kB ????????????????
w = A1e
−jkBx +A2ejkBx +A3e−kBx +A4ekBx (5.34)
????kB ???????????? 1,2??????????????????? 3,4??????
???????????????????? xi???????wi??????{A} = {A1, A2, A3, A4}T
?????????????????
{A} = [D]−1{w} (5.35)
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????{w} = {w1, w2, w3, w4}T ???[D]?????????????????
[D] =
⎡⎢⎢⎣
e−jkBx1 ejkBx1 e−kBx1 ekBx1
e−jkBx2 ejkBx2 e−kBx2 ekBx2
e−jkBx3 ejkBx3 e−kBx3 ekBx3
e−jkBx4 ejkBx4 e−kBx4 ekBx4
⎤⎥⎥⎦ (5.36)
????????????? r = A1/A2 ???????????? αn ??????????
αn = 1−
∣∣∣∣A1A2
∣∣∣∣2 (5.37)
????????????????????????????? {A}??????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
????????? [57]??????????????????????Fig.5.7??????????
???????????????????????????????????????? (???)??
????????????????????? (???)?????????????????????
????????????200 Hz???????????????????????????1600 Hz?
3200 Hz???????????????????????????????????????????
???????????????????????????????????????????????
????
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Fig. 5.7: Comparison between numerical model and theoretical.
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?????????????????????????? Tab. 5.1????
Tab. 5.1: Physical properties and directions of the plate and the support material.
Size 2000 × 20 [mm2]
Thickness 10 [mm]
Plate Young’s modules 7.5× 1010 [N/m2]
Density 2500 [kg/m3]
Poisson’s ratio 0.22
Loss factor 0
Young’s modules 1.0× 106 [N/m2]
Support Density 1000 [kg/m3]
material Poisson’s ratio 0.25
Loss factor 0.5
?????????
?????????????????? 2.7.3 ?????????????????????????
???????????????????????????????????????? [110]????
??????????????????????????????Fig.5.8??????????????
?? (Fixed)???????????? (Slip)??????????????????????? (Spring)
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????
??????????????????????????????????????????????
??????????????????? Fig.5.12∼5.15?????????????????????
?? 200 Hz??????????????????? 4000 Hz??????????????????
?????????????????????????????????? 200 Hz?? 10???4000
Hz?? 1000?????????????200Hz????????????????????????
???????????????????????????????????????????????
??????????? Slip????????????????????4000 Hz??????????
??????????????????????????????????????????????
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????????????????????????????????????????????
??????????
?????? ????????????????????????????????????????
? Fig.5.9??????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????
??????? ??????????????????????????? Fig.5.10 ???????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????????????????????
???????? ???????????????????????????? Fig.5.11??????
???????????????????????????????????????????????
???????????????????????????????????????????????
?? 60 mm?????? 4000 Hz?????????????? Fig.5.16?????????????
???????????????????????????????????????????????
??????????? 4000 Hz???????????????????????????????
???????????????????????????????????????????????
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Fig. 5.8: Comparison between coupling conditions. The value for a spring model is also shown as a reference.
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Fig. 5.9: Effects of the plate thicknesses.
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Fig. 5.10: Effects of the thicknesses of the support material.
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Fig. 5.11: Effect of connected widths of the support material.
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Fig. 5.12: Displacement field of three-dimensional elastic material and plate at 200 Hz. Three dimensional
displacement continuity was imposed.
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Fig. 5.13: Displacement field of three-dimensional elastic material and plate at 200 Hz. Out-of-plane dis-
placement continuity was imposed.
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Fig. 5.14: Displacement field of three-dimensional elastic material and plate at 4000 Hz. Three dimensional
displacement continuity was imposed.
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Fig. 5.15: Displacement field of three-dimensional elastic material and plate at 4000 Hz. Out-of-plane dis-
placement continuity was imposed.
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Fig. 5.16: Displacement field of three-dimensional elastic material and plate at 4000 Hz.
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???????????
???????? ?????????????????????????? Fig.5.17 ???????
??????????????????????????????????????? 108 ? 109 N/m2
?????????????????????????????????????? 0.1???????
???????????????????????????????????????????????
??????????????????????????????????????? 108 N/m2 ???
??????????????? 109 N/m2 ???????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????
???????? ?????????????????????????? Fig.5.18 ???????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????
??? ???????????????????????? Fig.5.19 ??????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????
?????? ??????????????????????????? Fig.5.20?????????
???????????????????????????????????????????????
??????????????????
?????? 0.5??????????????????????????????????????
???????????????????????????????????????????????
??????????????????? 0.25?????????????????????????
?????????????????
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Fig. 5.17: Effects of young’s moduli of the support material.
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Fig. 5.18: Effects of damping coefficients of the support material.
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Fig. 5.19: Effects of densities of the support material.
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Fig. 5.20: Effects of poisson’s ratios of the support material.
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5.3 ????????????
??????????????????????????????????????????????
????????????????????????
5.3.1 ????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????? (Fig.5.21)[58]????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???
Ω iSemi-infinite air space:
Ω tSemi-infinite air space:
θ
Plate:Γp
Ω iSemi-infinite air space:
Ω tSemi-infinite air space:
θ
Γ∞
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FEM BEM
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Fig. 5.21: Analysis models for overhang niche.
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?????????
?????????????????????????????????????????????
???????????????????????????????JIS A 1416:2000????????
?????????? 0.5 m???????????????????????????? 0 mm? 150
mm?300 mm?450 mm?????????????????????????????????? 0.9
m × 0.9 m?????????????????
Tab. 5.2: Physical properties and directions of the plate.
Size 0.9 × 0.9 [m2]
Thickness 0.01[m]
Young’s module 7.5× 1010[N/m2]
Density 2500 [kg/m3]
Poisson’s ratio 0.22
Loss factor 0.002
x
y
zθ
φ
infinite rigid baffle
material
incident 
plane wave
x
y
zθ
φ incident 
plane wave
 Overhang niche ?Recess niche
Fig. 5.22: Schematic of niche models.
206 ? 5? ????????????????????????????
????? ?????????????????????? 5 mm? 10 mm? 15 mm???????
??????????????? Fig.5.24 ???????????????????????????
Sewell?? [60]???????????????????????????????????????
??????????????????????????????????????????? Sewell
???????????????????????????????????????????? (fc)
???????????????????????????????????? Sewell???????
???????????????????????????????????????????????
????????????????????????????
???????????????????????????????? 10 mm?? 250 Hz ((2,2)??
?)???????1/768??????????????????????? Fig.5.23????1/24??
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????????????????? 251.5 Hz
????
??????????????????????????????????????????????
????????????????????????????????????????
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Fig. 5.23: Comparison between different depths of niche at resonant frequency. Left: Overhang niche, Right:
recess niche.
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Fig. 5.24: Comparison between different depths of overhang niche (left) and recess niche(right). Plate thick-
nesses are 5 mm (top), 10 mm (middle) and 15 mm (bottom).
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Fig. 5.25: Comparison between different depths of overhang niche (left) and recess niche(right). Top: normal
incidence, Middle: random incidence, Bottom : field incidence.
210 ? 5? ????????????????????????????
0° 45° 90°
No niche
Overhang
niche
Recess
niche
??????
0° 45° 90°
No niche
Overhang
niche
Recess
niche
??????
0° 45° 90°
No niche
Overhang
niche
Recess
niche
???????
0° 45° 90°
No niche
Overhang
niche
Recess
niche
???????
0° 45° 90°
No niche
Overhang
niche
Recess
niche
??????
0 50 [dB]10 20 30 40
Fig. 5.26: Distributions of oblique incidence transmission losses (Simply supported).
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Tab. 5.3: Physical properties and directions of the support material.
Thickness 5 mm
Connected width 15 mm
Young’s module 1.0× 108[N/m2]
Density 1000 [kg/m3]
Loss factor 0.5
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Fig. 5.27: Comparison between different depths of overhang niche (left) and recess niche(right). Top: simple
support, Middle: fixed support, Bottom : Spring model supported.
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Fig. 5.28: Distributions of oblique incidence transmission losses(Spring model supported).
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Fig. 5.29: Amount of change by niche depth from niche depth = 0. Upper : lower frequncy, Lower : higher
frecuency, Left: overhang niche, Right: recess niche.
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Fig. 5.30: Schematic models of installation location of plate.
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Fig. 5.31: Comparison between different locations of overhang niche (left) and recess niche(right). Top:
normal incidence, Middle: 10 mm, random incidence, Bottom : field incidence.
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Fig. 5.32: Comparison between different locations of overhang niche (left) and recess niche(right). Plate
thicknesses are 5 mm (top), 10 mm (middle) and 15 mm (bottom).
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Fig. 5.33: Comparison between the distributions of oblique incidence transmission losses (Spring model
supported).
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Fig. 5.34: Amount of change by location of plate from center placing. Upper : lower frequncy, Lower : higher
frecuency, Left: overhang niche, Right: recess niche.
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Fig. 5.35: Schematics of the numerical models.
Fig. 5.36: A schematic of three-dimensional support model.
Tab. 5.4: Physical properties and directions of the plate and the support material.
Size 0.9 × 0.9 [m2]
Thickness 0.01[m]
Plate Young’s modules 7.5× 1010[N/m2]
Density 2500 [kg/m3]
Poisson’s ratio 0.22
Loss factor 0.002
Young’s modules 1.0× 108[N/m2]
Support Density 1000 [kg/m3]
material Poisson’s ratio 0.25
Loss factor 0.5
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Fig. 5.37: Comparison between two support models : three dimensional elastic model and spring model at
1/24 oct. center frequency.
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Fig. 5.38: 1/3 oct. band values are calculated by averaging the 1/24 oct. values.
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Fig. 5.39: Comparison of internal losses between three-dimensional elastic model and spring model. In
3D-elastic model, two coupling conditions are considered.
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Fig. 5.40: Comparison between support models with different thicknesses of the support material.
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Fig. 5.41: Comparison of normal-incidence absorption coefficients with different thicknesses of the support
material.
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Fig. 5.42: Comparison between two support models with different connected widths of the support material.
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Fig. 5.43: Comparison of normal-incidence absorption coefficients with different connected widths of the
support material.
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?????????
????? ??????????????????????????? Fig.5.44 ?????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????? [118, 119]?????????????????????????????????
???????????????????????????????????????????????
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Fig. 5.44: Effects of young’s moduli of the support material.
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????? ??????????????????????????? Fig.5.45 ?????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????? (Fig.5.46)?
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Fig. 5.45: Effects of loss factors of the support material. Left: 3D elastic material support model, Right:
Spring model.
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Fig. 5.46: Comparison of rate of internal losses between different loss factors. 3D elastic material support
model is adopted for the edge support.
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????? ????????????????????????? Fig.5.47 ???????????
???????????????????????????????????????????????
???????????????????????????????????????????????
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Fig. 5.47: Effects of densities of the support material. Left: 3D elastic material support model, Right: Spring
model.
230 ? 5? ????????????????????????????
????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????
?????????????????????????Fig.5.48?????????????????
????????????????????????????????????????? 0.9 × 0.9 m2
???????????????????????????????????????????????
??????Fig.5.48(b)????????????????????????????????????
? (?????????????)????Fig.5.48:b???????????????????????
???????????????? (??????????)????????????????
0.9 m
(a) 3D elastic model (b) Spring model
0.1 m0.1 m
d
0.9 m 0.1 m0.1 m
d/2
Fig. 5.48: Dimensions of a plate and a support material.
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Fig.5.49????? d? 15 mm , 60 mm???????????????????????????
???????????????????? Fig.5.48????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
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Fig. 5.49: Comparison between support models and conditions. Left: Support width of the support material
is 15 mm , Right: 60 mm.
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5.4 ???????????
??????????????????????????????????????????????
????? (TMM)?????TMM???????????????? (FTMM)??????????
? ([5],[51])?FTMM?????????????????????????????????????
??????????????????????????????? Thomasson??????????
??????????????????????????????????????????????
??????????????? 1×1 m2 ????????????????????? 5 mm????
??????????????????? Kato Model?????
????????? 3 ??? (Plate-Gap-PEM1-Membrane)?4 ??? (Plate-Gap-PEM1-Membrane-
Gap-PEM2 ?? Plate-Gap-PEM1-Gap-Membrane-PEM2) ? 3 ????????????-??????
?????????????????????????????????? 36m3 ??????????
800 mm?????????????? 1155×1145 mm??????? 170 mm??????????
???????????????????????????????????????????????
? (PEM1)??????????????????????????????????????????
?????????????????????????? Fig.5.50 ????????????????
???????????????????????????? Tab. 5.5??????????
Reverberation Chamber Installation of the specimen
Transmission Side
           Anechoic Chamber
Fig. 5.50: Measurement chamber and the condition of material installation.
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Tab. 5.5: Physical properties and dimensions of layered materials for the calculation.
Plate
Material Density ρs = 7870[kg/m3]
Young’s Modulus E = 2.0× 1011[N/m2]
Poisson’s Ratio ν = 0.3
Loss Factor η = 0.0001
Thickness t = 0.8[mm]
PEM 1&2
Material Density ρs = 1186[kg/m3]
Fiber Diameter D = 21[µm]
Poisson’s Ratio ν = 0
PEM 1
Bulk Density ρb = 50[kg/m3]
Young’s Modulus E = 2.2× 104[N/m2]
Loss Factor η = 0.24
Thickness t = 20[mm]
PEM 2
Bulk Density ρb = 200[kg/m3]
Young’s Modulus E = 1.5× 105[N/m2]
Loss Factor η = 0.45
Thickness t = 5[mm]
Membrane Area Density ρm = 0.04[kg/m2]
5.4.1 ?????????
????-????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????
Fig. 5.51??????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????
234 ? 5? ????????????????????????????
????Fig. 5.52 ????????????????????????????????????
TMM?FTMM?????????????????????? FTMM,?????? TMM?????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????
??????????????????????? FTMM???????????????????
???????? Fig.5.53????45?????????????? FTMM????????????
????????????????? FTMM??????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
FTMM?????????????????????????????????????FTMM???
????????????????????
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Fig. 5.51: Absorption coefficient seen from the incidence side for membrane-covered poroelastic material.
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Fig. 5.52: Transmission losses calculated for membrane-covered poroelastic material.
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FEM FTMM
θθ
φ
500 Hz
FEM FTMM
θθ
φ
1000 Hz
FEM FTMM
θθ
φ
250 Hz
Fig. 5.53: Distribution of oblique incidence transmission loss of membrane-covered poroelastic material.
3??? (??-????-??)???
?????????-????????????????????????????????????
???????????????????????????????????????????????
??????-????-????????????????????????????????????
????????????? 4?????????????????????????????????
???????????????? Fig.5.54????
???????? ????????????????????? Type(d)?????????????
???????????????????????????????????????????,???
????????? Type(b)??250Hz?????????????????????????????
??????????????? Type(c)????????,??-?????????????????
??????????????????????? Type(a)??,?????????????????
????????????????????????????
??????? ???????????????????????????????????????
??? Type(a),(b)???,Type(c),(d)??????????????????????????????
???????Fig.5.55? Type(a)?? Type(c)? 90Hz?????????????????????
?????????????????? (???)????? (???)????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????FEM? FTMM?????????????
??????? ? 800Hz????????????????????500Hz???????????
?? 5dB??????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????
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Fig. 5.54: Transmission losses calculated for triple layer materials: Layer conditions are Type(a) Plate-PEM-
Membrane, Type(b) Plate-PEM-Air Gap-Membrane, Type(c) Plate-Air Gap-PEM-Membrane and Type(d)
Plate-Air Gap-PEM-Air Gap-Membrane.
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Fig. 5.55: Distribution of the relative displacement level of a layered material composed of poroelastic mate-
rial and plate. In-contact and out-of-contact conditions are considered.
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4??? (??-????-??-????)???
???????????????????????-???? (PEM1)-??-???? (PEM2)????
?????????????????????????????????????? (PEM1, PEM2)?
?? (Type (a))???? (PEM1) ??? (Type (b)), ??? (PEM2) ??? (Type (c)) ? 3 ??????
??????????????? (PEM1)????????????????????? Fig.3????
???Type(b),(c)????????????????????-???????????????????
???????? Type(a),(b)? 200Hz????????????????????? (PEM2-Memb-
PEM1) ???????? (PEM1) ???????????????????????????????
Type(a)? 420Hz??????????????????????? (PEM2)???????? (PEM1)
???????????????????????????????Type(c)? 350Hz????????
??????????????? (PEM2)???????? (PEM1)????????????????
??????????????????????????????????? (???????????
??????)????????????????????????????????????????
???????4???????????????,????? 3?????????????????
???????????????
??????? ???????????????????????????????????????
3??????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????
??????? ? Type ??????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????
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Fig. 5.56: Transmission losses calculated for quadruple layer materials: Three layer conditions are con-
sidered:Type(a) Plate-Air Gap-PEM1-Membrane-PEM2, Type(b) Plate-Air Gap-PEM1-Membrane-Air Gap-
PEM2 are Type(c) Plate-Air Gap-PEM1-Air Gap-Membrane-PEM2.
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5.4.2 ?????????????
4.3.2???????????????????????????????????????????
???????????????????????????????????? (0.8 mm),??????
50K,????????????????????????????????????????????
???????????????????????????????????????????????
?????????????? Fig.5.58????
??????? TMM,??????? 200Hz??????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????
??????????????????????????????????????????????
?? 1dB??????????????????????????????????????????
???????????????????????????????????????????????
?? center gap(A), side gap(B)?? 5dB????????????????????????????
???????????????????
???????? ??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????
Side-Gap Center-Gap
40 mm 20 mm
10 mm
4 mm 792 mm 4 mm
800 mm
396 mm 8 mm 396 mm
800 mm
40 mm 20 mm
10 mm
4mm 4mm
1mm
1mm
4mm 4mm 8mm
1mm
1mm
8mm 1mm1mm
Side Gap (A) Center Gap (A)Side Gap (B) Center Gap (B)
Fig. 5.57: Calculation and measurement configuration of the gap .
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Fig. 5.58: Transmission losses calculated and measured for triple layer materials with gaps.
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5.5 ???
??????????????????????????????????????????????
???????????????????????????????????????????????
????????????????
? 2????????????????????????????????????????????
???? (?????????)???????? (?????????)???????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????
? 3????????????????????????????????????????????
???????????????????????????????????????????????
????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????JIS 1416?????????????????? 2:1???
????????????????2:1?????????????????????????????
?????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????
? 4????????????????????????????????????????????
???????????????????????????????????????????FTMM
???????????????????????????????????????????????
?????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
?????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????

245
? 6?
??
???????????????????????????????????
6.1 ?????
? 1????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????
? 2????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????-???????????? 4??? 5??????
???????????????????????????????????????????????
?????????????????????????
? 3????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????? L,??? t,????? ν ?????
????????? αMF ??????????
αMF = 1 +
2.7786
1 + 1.2901ν
(
t
L
)2.3889
????????????????????????????????????? EEq = EtrueαMF ?
???????????????????????????
246 ? 6? ??
?????????????? Double Porosity????????????????????????
???????????????????????????????????????????????
??????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????
?????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????Double Porosity??????????????????????????
?????
? 4????????????????????????????????????????????
???????????????????????????????????????? 1)?????
??????2)????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????
• ?????????????????
• ??????????????????????????
• ?????????????????
• ?????????????????????
• ??? (θl,ϕl)???????
• ???????????????????????????????????????????
• Paris?????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????? Deep-well ?????????????????????????????????
?????????????????????????????????????????????? 9
m2 ??????????????????????????Deep-well?????? well??????
????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????????? (?????????)???
????????????????????????????
? 5???????????????????????????????????????????
??????????????????????????????????????????????
????????????????????????????????????????????
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??????????????????????????????????????????????
???????????????????????????????????????????????
??????????
??????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????? JIS????? 2:1?????
???????????????????????????????????????????????
???????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????? 1/3?????????
???????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????
? 4??? 5?????? 1m2 ???????????????????????????????
???????????????????????????????????????????????
?????????????????????????????? Fig.5.56(4??????????)??
????????????????????? 350 GB??????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
? 1 m2 ???????1kHz????????????????????????????? (32 GB?
?)????????????????
6.2 ?????
??????????????????????????????????
?????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
248 ? 6? ??
???????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
Tamura??????????????????????????????? [65, 66]????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????CUI???
??????????????????????????????????????????????
GUI?????????????????????????????????????????????
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???????
???????????????? Ni ????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
A.1 ??????????
A.1.1 ?????
????
Fig.A.1???????3??????????????????????????????????
????????? (x, y, z)???????? (ξ, η)??????????????????
x =
4∑
i=1
Ni(ξ, η)xi, y =
4∑
i=1
Ni(ξ, η)yi, z =
4∑
i=1
Ni(ξ, η)zi (A.1)
????(xi, yi, zi)? i?????????Ni(ξ, η)? i????????????????????
????
N1(ξ, η) =
1
4
(1− ξ)(1− η)
N2(ξ, η) =
1
4
(1 + ξ)(1− η)
N3(ξ, η) =
1
4
(1 + ξ)(1 + η)
N4(ξ, η) =
1
4
(1− ξ)(1 + η)
(A.2)
????????
?????????????????????????????????????????????
???????????????????? ∂∂x ,
∂
∂y ,
∂
∂z ??????????????,???????
????????????????,??????????????????????????????
???????????????????????????????????????????????
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????????
????????????????????????????????
∂Ni
∂ξ
=
∂Ni
∂x
∂x
∂ξ
+
∂Ni
∂y
∂y
∂ξ
∂Ni
∂η
=
∂Ni
∂x
∂x
∂η
+
∂Ni
∂y
∂y
∂η
??????????????????????????????
⎧⎪⎨⎪⎩
∂Ni
∂ξ
∂Ni
∂η
⎫⎪⎬⎪⎭ =
⎡⎢⎣∂x∂ξ ∂y∂ξ∂x
∂η
∂y
∂η
⎤⎥⎦
⎧⎪⎨⎪⎩
∂Ni
∂x
∂Ni
∂y
⎫⎪⎬⎪⎭
= [J]
⎧⎪⎨⎪⎩
∂Ni
∂x
∂Ni
∂y
⎫⎪⎬⎪⎭ (A.3)
????????????????????????????????????⎧⎪⎨⎪⎩
∂Ni
∂x
∂Ni
∂y
⎫⎪⎬⎪⎭ = [J]−1
⎧⎪⎨⎪⎩
∂Ni
∂ξ
∂Ni
∂η
⎫⎪⎬⎪⎭ (A.4)
x
y
η
1 2
4 3
2
1
3
4
z
1
1
-1
-1 ξ
Fig. A.1: Schematic of quadrangle interpolation function.
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????[J]?????????????????????????????
[J] =
⎡⎢⎣
∂x
∂ξ
∂y
∂ξ
∂x
∂η
∂y
∂η
⎤⎥⎦
=
⎡⎢⎢⎢⎢⎣
4∑
i=1
∂Ni
∂ξ
xi
4∑
i=1
∂Ni
∂ξ
yi
4∑
i=1
∂Ni
∂η
xi
4∑
i=1
∂Ni
∂η
yi
⎤⎥⎥⎥⎥⎦
=
⎡⎢⎣
∂N1
∂ξ
∂N2
∂ξ
∂N3
∂ξ
∂N4
∂ξ
∂N1
∂η
∂N2
∂η
∂N3
∂η
∂N4
∂η
⎤⎥⎦
⎡⎢⎢⎣
x1 y1
x2 y2
x3 y3
x4 y4
⎤⎥⎥⎦ (A.5)
??????????????????????????????????????????????
?????????????????
∂N1(ξ, η)
∂ξ
= −1
4
(1− η) ∂N1(ξ, η)
∂η
= −1
4
(1− ξ)
∂N2(ξ, η)
∂ξ
=
1
4
(1− η) ∂N2(ξ, η)
∂η
= −1
4
(1 + ξ)
∂N3(ξ, η)
∂ξ
=
1
4
(1 + η)
∂N3(ξ, η)
∂η
=
1
4
(1 + ξ)
∂N4(ξ, η)
∂ξ
= −1
4
(1 + η)
∂N4(ξ, η)
∂η
=
1
4
(1− ξ)
(A.6)
A.1.2 ?????
????
Fig.A.2???????3??????????????????????????????????
????????? (x, y, z)???????? (ξ, η, ζ)??????????????????
x =
8∑
i=1
Ni(ξ, η, ζ)xi, y =
8∑
i=1
Ni(ξ, η, ζ)yi, z =
8∑
i=1
Ni(ξ, η, ζ)zi (A.7)
????(xi, yi, zi)? i?????????Ni(ξ, η)? i????????????????????
????
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N1(ξ, η, ζ) =
1
8
(1− ξ)(1− η)(1− ζ)
N2(ξ, η, ζ) =
1
8
(1 + ξ)(1− η)(1− ζ)
N3(ξ, η, ζ) =
1
8
(1 + ξ)(1 + η)(1− ζ)
N4(ξ, η, ζ) =
1
8
(1− ξ)(1 + η)(1− ζ)
N5(ξ, η, ζ) =
1
8
(1− ξ)(1− η)(1 + ζ)
N6(ξ, η, ζ) =
1
8
(1 + ξ)(1− η)(1 + ζ)
N7(ξ, η, ζ) =
1
8
(1 + ξ)(1 + η)(1 + ζ)
N8(ξ, η, ζ) =
1
8
(1− ξ)(1 + η)(1 + ζ)
(A.8)
η
x
y
1
1
1
-1
-1
-1
z
ξ
ζ
1
2
3
45
6
7
8
1 2
34
5 6
78
Fig. A.2: Schematic of hexahedron interpolation function.
????????
??????????????????????????????????????????????
????????????????????????????????????
∂Ni
∂ξ
=
∂Ni
∂x
∂x
∂ξ
+
∂Ni
∂y
∂y
∂ξ
+
∂Ni
∂z
∂z
∂ξ
∂Ni
∂η
=
∂Ni
∂x
∂x
∂η
+
∂Ni
∂y
∂y
∂η
+
∂Ni
∂z
∂z
∂η
∂Ni
∂ζ
=
∂Ni
∂x
∂x
∂ζ
+
∂Ni
∂y
∂y
∂ζ
+
∂Ni
∂z
∂z
∂ζ
??????????????????????????????
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⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
∂Ni
∂ξ
∂Ni
∂η
∂Ni
∂ζ
⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
=
⎡⎢⎢⎢⎢⎢⎣
∂x
∂ξ
∂y
∂ξ
∂z
∂ξ
∂x
∂η
∂y
∂η
∂z
∂η
∂x
∂ζ
∂y
∂ζ
∂z
∂ζ
⎤⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∂Ni
∂x
∂Ni
∂y
∂Ni
∂z
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
= [J]
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∂Ni
∂x
∂Ni
∂y
∂Ni
∂z
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ (A.9)
????????????????????????????????????⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∂Ni
∂x
∂Ni
∂y
∂Ni
∂z
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ = [J]
−1
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
∂Ni
∂ξ
∂Ni
∂η
∂Ni
∂ζ
⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
(A.10)
????[J]?????????????????????????????
[J] =
⎡⎢⎢⎢⎢⎢⎣
∂x
∂ξ
∂y
∂ξ
∂z
∂ξ
∂x
∂η
∂y
∂η
∂z
∂η
∂x
∂ζ
∂y
∂ζ
∂z
∂ζ
⎤⎥⎥⎥⎥⎥⎦
=
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
8∑
i=1
∂Ni
∂ξ
xi
8∑
i=1
∂Ni
∂ξ
yi
8∑
i=1
∂Ni
∂ξ
zi
8∑
i=1
∂Ni
∂η
xi
8∑
i=1
∂Ni
∂η
yi
8∑
i=1
∂Ni
∂η
zi
8∑
i=1
∂Ni
∂ζ
xi
8∑
i=1
∂Ni
∂ζ
yi
8∑
i=1
∂Ni
∂ζ
zi
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=
⎡⎢⎢⎢⎢⎢⎣
∂N1
∂ξ
∂N2
∂ξ
· · · ∂N8
∂ξ
∂N1
∂η
∂N2
∂η
· · · ∂N8
∂η
∂N1
∂ζ
∂N2
∂ζ
· · · ∂N8
∂ζ
⎤⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎣
x1 y1 z1
x2 y2 z2
...
...
...
x8 y8 z8
⎤⎥⎥⎥⎦ (A.11)
??????????????????????????????????????????????
?????????????????
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∂N1(ξ, η, ζ)
∂ξ
= −1
8
(1− η)(1− ζ) ∂N1(ξ, η, ζ)
∂η
= −1
8
(1− ξ)(1− ζ) ∂N1(ξ, η, ζ)
∂η
= −1
8
(1− ξ)(1− ζ)
∂N2(ξ, η, ζ)
∂ξ
=
1
8
(1− η)(1− ζ) ∂N2(ξ, η, ζ)
∂η
= −1
8
(1 + ξ)(1− ζ) ∂N2(ξ, η, ζ)
∂ζ
= −1
8
(1 + ξ)(1− η)
∂N3(ξ, η, ζ)
∂ξ
=
1
8
(1 + η)(1− ζ) ∂N3(ξ, η, ζ)
∂η
=
1
8
(1 + ξ)(1− ζ) ∂N3(ξ, η, ζ)
∂ζ
= −1
8
(1 + ξ)(1 + η)
∂N4(ξ, η, ζ)
∂ξ
= −1
8
(1 + η)(1− ζ) ∂N4(ξ, η, ζ)
∂η
=
1
8
(1− ξ)(1− ζ) ∂N4(ξ, η, ζ)
∂ζ
= −1
8
(1− ξ)(1 + η)
∂N5(ξ, η, ζ)
∂ξ
= −1
8
(1− η)(1 + ζ) ∂N5(ξ, η, ζ)
∂η
= −1
8
(1− ξ)(1 + ζ) ∂N5(ξ, η, ζ)
∂ζ
=
1
8
(1− ξ)(1− η)
∂N6(ξ, η, ζ)
∂ξ
=
1
8
(1− η)(1 + ζ) ∂N6(ξ, η, ζ)
∂η
= −1
8
(1 + ξ)(1 + ζ)
∂N6(ξ, η, ζ)
∂ζ
=
1
8
(1 + ξ)(1− η)
∂N7(ξ, η, ζ)
∂ξ
=
1
8
(1 + η)(1 + ζ)
∂N7(ξ, η, ζ)
∂η
=
1
8
(1 + ξ)(1 + ζ)
∂N7(ξ, η, ζ)
∂ζ
=
1
8
(1 + ξ)(1 + η)
∂N8(ξ, η, ζ)
∂ξ
= −1
8
(1 + η)(1 + ζ)
∂N8(ξ, η, ζ)
∂η
=
1
8
(1− ξ)(1 + ζ) ∂N8(ξ, η, ζ)
∂ζ
=
1
8
(1− ξ)(1 + η)
(A.12)
A.2 Gauss-Legendre???????????????
A.2.1 Gauss-Legendre??????
Gauss-Legendre ?????????????????????????????????Gauss-
Legendre???? ξ ∈ [−1, 1]??????????????????????????????? ξi ?
?????????? wi ??????????? f(x)??????????????????????∫ 1
−1
f(ξ)dξ =
∑
i
f(ξi)wi (A.13)
???????????????????????????? x ∈ [−1, 1]????????????
????? ∫ a
b
f(x)dx =
a− b
2
∫ 1
−1
f(x(ξ))dξ
=
a− b
2
∑
i
f(x(ξi))wi (A.14)
??????????????????????????????????????????????
????????????????????∫∫
S
f(x, y)dxdy =
∫ 1
−1
∫ 1
−1
f(x(ξ, η), y(ξ, η))|J|dξdη
=
∑
i
∑
j
f(x(ξi, ηj), y(ξi, ηj))|J|wiwj (A.15)
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∫∫∫
V
f(x, y, z)dxdydz =
∫ 1
−1
∫ 1
−1
∫ 1
−1
f(x(ξ, η, ζ), y(ξ, η, ζ), z(ξ, η, ζ))|J|dξdηdζ
=
∑
i
∑
j
∑
k
f(x(ξi, ηj , ζk), y(ξi, ηj , ζk), z(ξi, ηj , ζk))|J|wiwjwk (A.16)
????|J|???????????????????????
A.2.2 ????????????????????
??????????????????????????
G =
∫
exp(−jk|rp − rq|)
4π|rp − rq| dSq (A.17)
H =
∫
−1 + jk|rp − rq|
4π|rp − rq|2
(rp − rq) · nq
|rp − rq| exp(−jk|rp − rq|)dSq (A.18)
??????? rp ?????????????????????????????????????
??|rp − rq| = 0???????????????????????????????????????
????????????? Gauss-Legendre??????????????????????????
Gauss-Legendre??????????????????????????????????????
????????????????
Gauss-Legendre?????????G,H ?????????????????
G =
∑
i
∑
j
exp(−jk|rp − rijq |)
4π|rp − rijq |
|J|wiwj (A.19)
H =
∑
i
∑
j
(
−1 + jk|rp − r
ij
q |
4π|rp − rijq |2
(rp − rijq ) · nijq
|rp − rijq |
exp(−jk|rp − rijq |)
)
|J|wiwj (A.20)
??????????? (i, j)?????? rijq ??????????????Eq.(A.1)??????
?????????? (ξi, ηj)???????????????
rijq =
{
4∑
α=1
Nα(ξi, ηj)xα,
4∑
α=1
Nα(ξi, ηj)yα,
4∑
α=1
Nα(ξi, ηj)zα
}
(A.21)
???????????????nijq ?????????????
???????????????
??? rp ??????????????rp − rq ????????????????????????
??????????? (rp − rq) · nq ???????????????????????????? H
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????????? 0????H = 0????????|rp − rq| = 0???????????????
?????? 2.2.4????????????????????????????
?? G?????????????Fig.A.4(a)????????????????????????
G =
∫
exp(−jk|rp − rq|)
4π|rp − rq| dSq
=
∫ 2π
0
∫ R(θ)
0
exp(−jkr)
4πr
rdrdθ
=
1
4π
∫ 2π
0
∫ R(θ)
0
exp(−jkr)drdθ
=
1
4πjk
∫ 2π
0
(1− exp(−jkR(θ))) dθ
=
1
4πjk
(
2π −
∫ 2π
0
exp(−jkR(θ))dθ
)
(A.22)
Eq.(A.22)????????????? 4???????????????????????????
???????????????????????????? (Fig.A.4(b))?∫ 2π
0
exp(−jkR(θ))dθ =
∫ θ12
0
exp(−jkR(θ1))dθ1 +
∫ θ23
0
exp(−jkR(θ2))dθ2
+
∫ θ34
0
exp(−jkR(θ3))dθ3 +
∫ θ41
0
exp(−jkR(θ4))dθ4 (A.23)
????????? Gauss-Legendre??????????????????∫ θ12
0
exp(−jkR(θ1))dθ1 = θ12
2
∑
i
exp(−jkR(θi))wi (A.24)
r
r
ξ
η
p
m
n
q
i j
-1 1
-1
1
x
y
z
 Quadrature Element: Γ
Observation Point
Quadrature Point
Observation Element: Γ
Fig. A.3: Schematic of normal integral.
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????FigA.4(c)?????????????? R(θ)???????????????
R(θ) =
L1L2 sin(θ12)
L2 sin θ + L1 sin(θ12 − θ) (A.25)
??????? ξi ????????? θi ????????
θi =
1 + ξi
2
θ12 (A.26)
r
θ
1
2
3
4
θ12
θ41
θ23
θ34
θ
R(θ)
θ12
1
2
3
L
L2
1
(c) R(θ) for a triangle(b) Parting into four sub-triangles(a) Polar coordinate in a element
Fig. A.4: Schematic of a singular integral evaluation in a same element.
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A.2.3 ?????????????????????
????????? (m ̸= n)
???????????? Gauss-Legendre???????????????????????
∫
Γp,m
∫
Γq,n
G(rp,m, rq,n){Nm}T {Nn}dSq,ndSp,m
=
∑
i
∑
j
G(rip,m, r
j
q,n){Nim}T {Njn}|Ji||Jj |wiwj
=
∑
i
∑
j
exp(−jkr)
4πr
{Nim}T {Njn}|Ji||Jj |wiwj (A.27)
????r = |rip,m − rjq,n|????
r
r
ξ
η
p,m
p,m
q,n
q,n
j
-1 1
-1
1
x
y
z
 Quadrature Element: Γ
Quadrature Point
Observation Element: Γ
ξ
η
i
Fig. A.5: Normal integral evaluation between different elements
???????? (m = n)
?????????? Gauss-Legendre ???????????????????? Gauss ????
??????????????????? (Fig.A.6)???????????????????????
Gauss-Legendre????????
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∫
Γp,m
∫
Γq,n
G(rp,m, rq,n){Nm}T {Nn}dSq,ndSp,m
=
∑
i
∫
Γq,n
G(rip,m, rq,n){Nim}T {Nn}dSq,n|Ji|wi
=
∑
i
∮ ∫ R(θ)
0
G(rip,m, rq,n){Nim}T {Nn(r, θ)}rdrdθ|Ji|wi
=
∑
i
∮ ∫ R(θ)
0
exp(−jkr)
4πr
{Nim}T {Nn(r, θ)}rdrdθ|Ji|wi
=
1
4π
∑
i
∮ ∫ R(θ)
0
exp(−jkr){Nim}T {Nn(r, θ)}drdθ|Ji|wi (A.28)
??????????????????????????????????
∮ ∫ R(θ)
0
exp(−jkr){Nim}T {Nn(r, θ)}drdθ
=
∫ θ12
0
∫ R(θ)
0
exp(−jkr){Nim}T {Nn(rq,n)}drdθ
+
∫ θ23
0
∫ R(θ)
0
exp(−jkr){Nim}T {Nn(rq,n)}drdθ
+
∫ θ34
0
∫ R(θ)
0
exp(−jkr){Nim}T {Nn(rq,n)}drdθ
+
∫ θ41
0
∫ R(θ)
0
exp(−jkr){Nim}T {Nn(rq,n)}drdθ (A.29)
=
θ12
2
∑
j
(
R(θj12)
2
(∑
k
exp(−jkRk(θj12)){Nim}T {Nn(rq,n)}wk
)
wj
)
+
θ23
2
∑
j
(
R(θj23)
2
(∑
k
exp(−jkRk(θj23)){Nim}T {Nn(rq,n)}wk
)
wj
)
+
θ34
2
∑
j
(
R(θj34)
2
(∑
k
exp(−jkRk(θj34)){Nim}T {Nn(rq,n)}wk
)
wj
)
+
θ41
2
∑
j
(
R(θj41)
2
(∑
k
exp(−jkRk(θj41)){Nim}T {Nn(rq,n)}wk
)
wj
)
(A.30)
????θj·· = NLn(ξj)θ··, Rk(θ) = NLn(ξk)R(θ)????NLn(ξ)????????????
NLn(ξ) =
1 + ξ
2
(A.31)
?Nn(rq,n)???? ????????????????????????????????????
?????????????Nn(rq,n)?????????????????????????????
?????????????????????????????
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(a) Polar coordinate in a element
r
θ
1
2
3
4
1
2
3
4
θ12
θ41 θ23
θ34
1
2
3
4
θ12
θ41 θ23
θ34
2
3
4
1
θ12
θ41 θ23
θ34
1
2
3
4
θ12
θ41
θ23
θ34
(b) Parting into four sub-triangles
Fig. A.6: Schematic of a singular double integral evaluation in a same element
• ???????????????????????? (x, y, z)?????
• (x, y, z)????????????????????? (ξ, η)?????
• (ξ, η)??????Nn ?????
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θ
R(θ)
θ12
L
L2
1
(c) R(θ) for a triangle
L(θ
)
L12
ρ
r  p,mi
r  q,n
r  dp
r  2
r  1
Fig. A.7: Plane geometry of a sub-triangle for surface integral in polar coordinate
?????????????? rq,n(x, y, z)?????????????
R(θ) =
L1L2 sin(θ12)
L1 sin(θ) + L2 sin(θ12 − θ) (A.32)
L(θ) =
L1L12 sin(θ)
L1 sin(θ) + L2 sin(θ12 − θ) (A.33)
rdp =
(
1− L(θ)
L12
)
r1 +
L(θ)
L12
r2 (A.34)
rq,n =
(
1− ρ
R(θ)
)
rip,m +
ρ
R(θ)
rdp (A.35)
????????????????????????
?????????????
?????????????????????????????????????? 3???????
???????3???????????????????????????????? p(px, py, pz)?
????????? v(vx, vy, vz)?????????????? Q(Qx, Qy, Qz)????? t????
???????????
Q = p+ tv (A.36)
??? R(Rx, Ry, Rz)??????????????? Q′(Q′x, Q′y, Q′z)???? Q′ = p + t′v ??
???????????? Q′ −R???????? v · (Q′ −R) = 0???????????? t′ ?
????????????
t′ = −v · (p−R)
v · v (A.37)
?????????????? d = |Q′ −R|?????????????
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r2 − r1, r3 − r4 ?????? (Fig.A.8 (a))
η =
d3 − d4
d3 + d4
(A.38)
ξ =
4xip − (A+B + C +D)
−A+B + C −D (A.39)
????A = (1− η)x1, B = (1− η)x2, C = (1 + η)x3, D = (1 + η)x4 ????
r4 − r1, r3 − r2 ?????? (Fig.A.8 (b))
ξ =
d1 − d2
d1 + d2
(A.40)
η =
4xip − (A+B + C +D)
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